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TESTS  OF  A  SUCTION  GAS  PRODUCER 
I.    Theoretical.  Discussion 

1.  Introduction. — The  chemical  reactions  occurring  within 
the  fuel  bed  of  the  gas  producer,  while  well  understood  by  the 
metallurgist  and  the  gas  engineer,  are  probably  not  so  clear  to 
the  mass  of  mechanical  engineers.  Hence,  it  may  be  pertinent  in 
the  presentation  of  the  results  of  .these  tests,  to  review  briefly  the 
theory  involved  in  the  conversion  of  a  solid  fuel  into  a  gaseous 
fuel  through  the  agency  of  the  gas  producer, 

2.  Simple  Carbon  Monoxide  Producer. — In  its  simplest  form,  the 
gas  producer  consists  of  a  closed  retort  in  which  carbon  is  burned 
in  a  limited  supply  of  oxygen.  Pig.  1  illustrates  such  a  producer. 
Air  enters  the  retort  at  the  base,  and  passing  up  through  the 
grate  into  the  bed  of  incandescent  fuel,  comes  in  contact  with  the 
carbon  in  the  lower  zone  of  the  fuel  bed,  where  the  oxygen  of  the 
air  unites  with  the  carbon  to  form  COo.  The  formula  expressing 
this  reaction  is : 

C  + 0.2  =  002 (1) 

Since  the  atomic  weights  of  carbon  and  oxygen  are,  respectively, 
12  and  16,  the  above  formula  indicates  that  12  parts  by  weight 
of  carbon  require  32  parts  by  weight  of  oxygen  and  that  44  parts 
by  weight  of  carbon  dioxide  are  formed;  i.  e. , 

0  +  02=  CO2 

12  +  32  =44 
or  1  +  21  =  3f 

This  reaction  is  exothermic,  i.  e.,  it  gives  out  heat,  the  amount 
of  heat  given  out  being  14  540  B.  t.  u.  per  lb.  of  carbon. 

The  00-2  formed,  remaining  in  contact  with  the  incandescent 
carbon,  begins  immediately  to  take  up  more  carbon,  since  at  tem- 
peratures above  1100°P.,  the  COo  becomes  an  oxidizing  agent. 
This  reaction  is  expressed  by  the  formula: 

CO2  +  C  =  2  CO (2) 

which  is  reversible,  i.  e.,  it  may  take  place  in  either  direction,  de- 
pending upon  the  temperature. 

The  above  formula  shows  that  44  lb.  of  CO2  unite  with  12  lb. 
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of  C  and  produce  56  lb.  of  CO.     Thus: 

CO,  +  C  =  2  CO 
44  +  12  =  56 

81+    l  =  4t 

This  reaction  is  endothermic,  i.  e.,  it  absorbs  heat  from  the  fuel 
bed.  The  amount  of  heat  absorbed  per  pound  of  carbon  taking 
place  in  the  reaction  is  10  100  B.  t.  u. 


Outkf 


Fig.  1 

As  the  10  100  B.  t.  u.  represents  also  the  amount  of  heat 
that  would  be  given  out  on  combustion  of  the  CO  formed,  the  theo- 
retical thermal  efficiency  of  the  carbon  monoxide  producer  will  be, 
therefore,  if  all  of  the  carbon  is  assumed  to  be  converted  into 

10100 
carbon  monoxide,  1 4-  ia  —  69 . 5  per  cent.     The  remaining  30.5  per 
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cent  of  the  heating  value  of  the  fuel  has  been  lost  in  radiation, 
conduction,  and  insensible  heat  in  the  gases  leaving  the  producer. 
The  gas  will  consist  of  CO  and  N.2. 

3.  Producer  Using  Water  Vapor. — In  the  actual  commercial 
producer,  the  loss  in  sensible  heat  inherent  in  the  simple  carbon 
monoxide  producer  is  reduced  by  utilizing  this  heat  in  the  decom- 
position of  some  other  agent,  either  the  vapor  of  water  or  carbon 
dioxide,  introduced  into  the  fuel  bed  with  the  air.  The  water  vapor 
is  usually  supplied  by  evaporating  water  either  in  an  external 
boiler,  which  utilizes  the  sensible  heat  of  the  gases  leaving  the 
producer,  or  by  some  form  of  vaporizer  in  the  J'orm  of  a  water 
jacket  surrounding  the  fuel  bed,  and  utilizing  the  heat  from  the 
fuel  bed  for  the  vaporization  of  the  water.  The  steam  generated 
in  either  case  mixes  with  the  air  entering  the  producer,  and 
passes  with  it  into  the  fuel  bed. 

The  reaction  between  the  carbon  and  oxygen  of  the  air  has 
been  considered,  and  it  has  been  pointed  out  that  for  each  pound 
of  carbon  burning  to  carbon  dioxide,  14  540  B.  t.  u.  was  given  out; 
also,  that  if  this  carbon  dioxide  were  decomposed  into  the  monox- 
ide, its  formation  would  take  up  10  100  of  the  B.  t.  u.  originally 
given  out.  Consequently,  4440  B.  t.  u.  would  be  left  in  the  form 
of  sensible  heat,  part  of  which  might  be  utilized  in  the  decom- 
position of  water  into  oxygen  and  hydrogen.  The  hydrogen  lib- 
erated through  such  a  reaction  would  pass  through  the  fuel  bed 
partially  intact,  thus  adding  a  combustible  constituent  to  the  gas, 
while  the  oxygen  would  unite  with  the  carbon  to  form  either  the 
dioxide  or  the  monoxide,  depending  upon  the  temperature  at 
which  the  reaction  occurred.  It  is  considered,  ordinarily,  that 
the  following  reactions  occur  within  the  producer  when  the  vapor 
of  water  is  introduced  with  the  air,  viz: 

2  H20+C=2H.,+C02 (3) 

and  H,0+C  =  H.+CO (4) 

Reaction  3  predominates  in  the  region  of  low  temperatures  be- 
tween 1000°and  1600°  P.  Above  1600°  F. ,  reaction  4  predominates. 
At  a  temperature  close  to  1000°  P.,  there  will  scarcely  be  a  trace 
of  reaction  4.  If  it  is  considered  that  the  fuel  bed  is  of  a  uniform 
temperature,  in  the  neighborhood  of  1000°  P.,  so  that  reaction  3 
holds,  the  following  relation  exists   between  the  constituents  en- 


and 
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tering  into  the  reaction. 

SQ  lb,  of  water+  12  lb.  of  carbon  produce  4  lb.  of  hydrogen 
and  44  lb.  of  carbon  dioxide,  i.  e., 

2:H20  +  C  =  2Ho  +  CO, 
36  +  12  =  44-44 
or 

3    +1  =  ^  +  31 

1  lb.  of  carbon  burning  to  CO,  liberates  14  540  B.  t.  u., 

1  lb.  of  hydrogen  burning  to  HoO  liberates  62  000  B.  t.  u. 

62000 
Since  i  lb.  of  hydrogen  is  formed  through  this  reaction, — - —  = 

o 

20  660  B.  t.  u.  disappears  or  is  absorbed.  For  each  pound  of  car- 
bon entering  into  the  reaction,  20  660 — 14  540^6120  B.  t.  u.  dis- 
appears. Evidently,  the  above  heat  deficit  must  be  supplied  by 
additional  carbon  in  the  fuel  bed  burning  to  CO,  through  the  pres- 
ence of  oxygen  supplied  in  the  air  and  according  to  reaction  (1) 
C  +  00=00.2,  since  for  the  assumed  temperature  of  the  fuel  bed, 
it  will  not  be  possible  for  more  than  a  trace  of  the  carbon  monox- 
ide to  form.* 

From  equation  (1),  14  540  B.  t.  u.  is  liberated  per  pound  of 

61*^0 
carbon,  therefore  .,  .,  .^=  .42  lb.  additional  carbon,  burned  to  CO,, 
14d40 

is  necessary  to  supply  heat  for  the  completion  of  reaction  3. 
Consequently,  1 .42  lb.  of  carbon  are  necessary  for  the  formation  of 
i  lb.  of  hydrogen,  all  of  the  heat  of  the  carbon  being  utilized  in 
the  production  of  hydrogen,  which  is  the  only  combustible  con- 
stituent of  the  gas,  the  other  constituents  being  CO,  and  No. 

In  considering  reaction  4,  which  predominates  at  the  higher 
temperature,  it  will  be  well  to  refer  again  to  the  experiments  of 
Harries. 


♦Haber's  "Thermodynamics  of  Technical  Gas  Reactions",  pass  13S- 

This  has  been  illustrated  very  clearly  by  the  experiments  of  Harries.  Harries  passed 
water  vapor  over  incandescent  carbon  in  a  tube  at  various  temperatures  and  found  the  relation 
between  the  CO,  CO2,  H2O  and  H2  in  the  resulting  gas.  At  a  temperature  of  1240°  F..  the  follow 
ing  results  were  obtained: 

H2  per  cent  =  8.41;  CO2  percent  =  3.84;  CO  percent  =  0.63:  H2O  per  cent  =  87.12 

The  extent  of  this  reaction,  doubtless,  depends  not  only  upon  the  temperature,  but  also  upon 
the  time  of  contact  of  H2O  and  CO2  with  the  carbon,  and  while  the  latter  variable  has  evidently 
been  neglected  in  the  experiments,  the  results  are  sufficiently  decisive  to  justify  the  above 
assumption  that  at  the  low  temperature,  the  percentages  of  CO  formed  will  be  a  negligible 
quantity. 
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At  a  temperature  of  2050°  F.,  the  following  relation  was 
found  between  the  constituents  of  the  gas  leaving  the  tube, 

H.,  percent  =  50.730 

H,0  per  cent  =    0.303 

CO2  percent  =  00.600 

CO    per  cent  =  48.340 

99.973 

This  clearly  illustrates  the  predominance  of  reaction  4. 

If  it  is  assumed  again  that  the  temperature  throughout  the 
fuel  bed  is  uniform  and  is  such  that  only  reaction  4  occurs,  we 
have 

18  lb.  water  +  12  lb.  carbon  producing  2  lb.  hydrogen  and 
28  lb.  CO 

or 

H2O  +  C  =  H.,  +  CO 

18  +  12  =    2    +28 
or 

H  +  1  =  i  +  2i 

1  lb.  of  carbon  burning  to  CO  liberates  4440  B.  t.  u. , 
and 

1  lb.  of  hydrogen  burning  to  H,,0  liberates  62000  B.  t.  u. 

62000 


Consequently,  the  formation  of  i  lb.  of  hydrogen  absorbs       „ 

=  10330  B.  t.  u.  A  deficit  of  10330  —  4440  =  5890  B.  t.  u.  re- 
sults. This  may  now  be  made  up  by  carbon  burning  to  CO 
through  the  oxygen  supplied  in  the  air  according  to  reactions  1 
and  2.  For  each  pound  of  carbon  burning  to  CO  4440  B.  t.  u.  is 
liberated.     Consequently,  in  order  that  reaction  4  be  completed, 

5890 

7777-  =  1 .  33  lb.  of  carbon  must  burn  to  CO.  The  total  heat  from 

4440 

the  burning  of  2.33  lb.  of  carbon  to  CO  results  in  the  production 
of  J  lb.  of  hydrogen.  Ik  lb.  of  water  are  theoretically  neces- 
sary, or  .64  lb.  of  water  per  lb.  of  carbon. 

The  gas  resulting  from  the  above  reactions  consists  of  CO, 
H2,  and  N.,.  The  percentage  by  volume  may  be  obtained  in  the 
following  manner: 

Total  weight  of  H2  ==  i  lb. 

Total  weight  of  CO  =  2.33  x  2^  =  5.44 
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Total  volume  of  H2  at  62°  F.  and  30  in.  Hg.  =  i  ^  0.0053  =  31.5  cu.  ft. 
Total  volume  of  CO  at  62°  F.  and  30  in.  Eg.  =  5.44  ^  0.0736  =  74.00  cu.  ft. 
Total  volume  of  O2  from  air  U  x  1.33  -h  .0842  =  21.1  cu.  ft. 
Total  volume  of  air  21.1  ^  0.21  =  100.3  cu.  ft. 

Total  volume  of  N  =79.2  cu.  ft. 

Total  volume  of  gas  leaving  producer  31.5  +  74  +  79.2  =  184.7  cu.  ft. 
Total  volume  of  gas  per  lb.  of  carbon  184.7  --  2.33  =  79.3  cu.  ft. 

Theoretical  Gas  Analj'sis  Higli  Heating  Value 

B.  t.  u.  per  cu.  ft. 

H2  per  cent  =  17.0 55.8 

CO  per  cent  =  40.0 127.8 

N2  per  cent  =43.0 000.0 

total 

183.6 

4.  Conditions  in  the  Actual  Producer.— In  the  actual  producer, 
reactions  3  and  4  are  doubtless  taking  place  continuously  in  dif- 
ferent parts  of  the  fuel  bed.  It  would  hardly  be  possible  to  operate 
a  producer  at  so  low  a  temperature  as  to  produce  the  results  ob- 
tained according  to  reaction  3.  It  would  be  impossible  to  operate 
at  such  a  temperature  as  to  prevent  reaction  3  occurring. 

The  conditions  that  probably  maintain  are  as  follows.  The 
moisture  laden  air,  comparatively  cool,  passes  into  the  fuel  bed; 
on  entering,  it  cools  down  the  first  layer  of  fuel,  or  the  combus- 
tion zone,  as  it  is  usually  called,  to  such  an  extent  that  reactions 
1  and  3  probably  result,  part  of  the  oxygen  supplied  by  the  air 
uniting  with  the  carbon  to  form  CO2,  while  part  of  the  moisture 
decomposes  and  forms  H2  and  CO.^. 

The  carbon  dioxide,  formed  according  to  reactions  1  and  3, 
passes  up  into  the  hotter  portion  of  the  fuel  bed  and  takes  up 
other  atoms  of  C  to  form  CO,  according  to  reaction  2.  The  moist- 
ure which  is  not  decomposed  and  the  O2  which  is  not  combined  in 
the  combustion  zone  pass  into  the  hotter  portion  of  the  fuel  bed 
known  as  the  decomposition  zone,  or  dissociation  zone,  where  re- 
actions 1  and  2  probably  take  place  in  immediate  succession,  in 
the  case  of  the  oxygen,  while  part  of  the  moisture  is  combined 
according  to  4,  producing  H2  and  CO.  The  gases  leaving  this 
poi'tion  of  the  fuel  bed  are  therefore  composed  of  H2,  CO,  CO2 
and  small  quantities  of  O2,  and  vapor  of  water,  the  last  two 
constituents  having  either  passed  through  the  fuel  bed  intact  or 
having  resulted  from  dissociation.      Theoretically,  at  the  higher 
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temperatures  there  should  be  only  a  trace  of  COo;  actually, 
this  quantity  will  vary  from  2  to  17  per  cent  of  the  volume 
of  the  gas,  depending  upon  a  number  of  conditions.  The 
gases  passing  from  the  dissociation  zone  or  layer  of  high 
temperature  enter  into  the  distillation  zone,  which  is  at  a  lower 
temperature,  and  which  is  so  named  for  the  reason  that  in  this 
zone  the  volatile  matter  is  distilled  from  the  fresh  fuel  by  the  hot 
fuel  bed  beneath.  This  volatile  matter  for  anthracite  coal  con- 
sists of  small  quantities  of  H.,,  H.jO,  CH4,  C..,H4  and  condensible 
hydrocarbons  in  the  form  of  tar,  etc.  The  CH4  and  C2H4  in  the 
producer  gas  made  from  anthracite  are  inconsiderable;  the  former 
will  not  represent  more  than  2  per  cent  of  the  volume  of  the  gas, 
while  the  C2H4  will  probably  not  exceed  0.1  per  cent  by  volume. 
The  condensible  hydrocarbons  are  also  inconsiderable. 

In  producer  gas  made  from  bituminous  coal,   these  distilla 
tion  products  may  represent  40  per  cent  of  the  heating  value  of 
the  gas,  and  are  not  only  desirable   but  necessary  constituents, 
when  the  gases  are  to  be  used  for  reverberatory  and  other  metal- 
lurgical furnaces  where  high  temperatures  are  desirable. 

The  following  reaction,  which  may  occar  between  the  con- 
stituents of  producer  gas,  is  reversible  and  depends  upon  the 
temperature. 

CO  +  H.,0  =  C02  +  H2 (5) 

Prom  the  results  of  Hahn's^  investigations,  it  was  shown 
that  at  a  temperature  of  1520°  P.,  H2  and  CO  became  equally 
strong  reducing  agents.  At  lower  temperatures,  the  carbon  mon- 
oxide is  the  stronger.  This  means  that  if  the  gases  on  leaving 
the  dissociation  zone  enter  a  zone  at  a  temperature  lower  than 
1520°,  there  will  be  a  tendency  for  the  CO  to  react  on  the  water 
vapor  present  and  form  CO2  and  H2.  At  higher  temperatures,  there 
will  be  a  tendency  toward  the  formation  of  CO  and  water.  The 
velocity  of  the  reaction  and  the  extent  to  which  each  takes  place 
depend  upon  the  temperature  and  the  depth  of  the  fuel  bed. 
High  temperatures  and  deep  fuel  beds  tend  to  produce  a  gas  low 
in  CO2  and  H2.  Low  temperatures  or  shallow  fuel  beds  produce 
a  gas  low  in  CO,  and  high  in  CO2  and  H2. 

It  should  be  understood  that  the  above  reactions  depend  very 
largely  upon  the  presence  of  the  fuel  which  acts  as  a  catalyst. 
AUner^  has  shown  that  if  the  above  reaction  in  the  presence  of  a 

1  Haber:    Thermodynamics  of  Technical  Gas  Reactions,  paire  145. 

2  Haber:    Thermodynamics  of  Technical  Gas  Reaction,  page  309. 
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catalyst  is  established,  or  if  equilibrium  maintains  at  a  tempera- 
ture above  2200°  F. ,  and  if  the  gases  are  cooled  without  the 
presence  of  the  catalyst,  the  reactions  are  "frozen",  that  is,  the 
removal  of  the  catalyst  does  not  permit  the  readjustment  of  equi- 
librium due  to  the  lower  temperature  that  would  otherwise  have 
occurred  had  it  not  been  removed.  If,  on  the  other  hand,  the 
catalyst  is  not  removed  and  the  gases  are  cooled,  the  reaction 
will  continue  until  a  temperature  of  about  1400°F.  is  reached. 
This  latter  is  the  condition  that  maintains  in  the  producer  as  the 
gases  flow  from  the  dissociation  zone  to  the  distillation  zone.  The 
extent  of  this  reaction  depends  upon  the  velocity  of  the  gases 
through  the  distillation  zone,  the  depth  of  this  zone,  and  upon 
the  temperatures  within  the  zone.  After  the  gases  have  left  the 
zone,  i.  e. ,  are  out  of  the  presence  of  the  catalyst,  the  reaction  is 
"frozen",  and  no  further  change  in  the  composition  of  the  gas 
occurs. 

5.  The  Carbon  Monoxide  Producer. — The  simple  carbon  mo- 
noxide producer  has  been  considered  in  the  discussion  of  the 
theory  of  the  producer.  In  contradistinction  to  this,  there  is  a 
commercial  producer  known  as  the  carbon  monoxide  producer, 
which  is  being  used  to  some  extent.  The  differentiation  of  this 
producer  from  other  commercial  producers  lies  in  the  substitu- 
tion of  00-2,  taken  from  some  outside  source,  for  the  vapor  of 
water,  for  the  purpose  of  conserving  part  of  the  30  per  cent  heat 
loss  inherent  in  the  simple  carbon  monoxide  producer.  The  pro- 
ducer is  used  principally  for  the  driving  of  gas  engines.  The 
supply  of  CO2  is  obtained  by  piping  the  exhaust  from  the  engine 
to  the  ashpit  of  the  producer. 

Prom  reactions  1  and  2,  and  when  one  pound  of  carbon  burns 
to  CO,  it  is  known  that  4440  B.  t.  u.  is  given  out,  which  may  be 
utilized  in  the  dissociation  of  COo.  14  540  B.  t.  u.  is  liberated  per 
pound  of  carbon  entering  into  the  reaction,  and  since  in  the  pro- 
duction of  CO,  4440  B.  t.  u.  is  liberated,  evidently  10  100  B.  t.  u. 
remains  in  the  CO.  Therefore,  in  the  reduction  of  CO,,  10100 
B.  t.  u.  is  absorbed  per  pound  of  carbon  entering  into  the  reaction, 

while  — ^r^—  =  3966  B.  t.  u.  is  absorbed  per  pound  of  CO.,.      The 
03" 
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B.  t.  u.  free  for  the  carrying  out  of  this  reaction  per  pound  of 

carbon  is  4440.     The  number  of  pounds  of  CO.)  necessary  for  the 

4440 
utilization  of  this  heat  is  „„^„    =  1.11  lb.      Since  each  pound  of 

o9dd 

carbon  in  the  producer  appears  principally  as  CO.,  in  the  exhaust 
gas  of  the  engine,  there  will  be  3t  lb.  of  CO.j  produced  in  the 
exhaust  per  lb.  of  carbon  in  the  producer  which  is  much  more 
than  is  necessary  for  the  above  reaction. 

On  investigation,  this  system  would  seem  to  offer  a  number 
of  advantages  over  the  system  in  which  the  producer  uses  steam 
for  the  production  of  H..,.  The  gases  leaving  the  producer  con- 
sist principally  of  CO  and  N.,,  together  with  small  quantities  of 
Bo,  CH4,  and  C2H4,  distilled  off  from  the  green  fuel.  The  gas, 
therefore,  will  be  likely  to  be  more  uniform  in  quality  than  H2 
enriched  gas,  and  will,  consequently,  be  less  likely  to  cause  pre- 
mature ignition  in  the  engine  cylinder.  This  will  be  due  to  the 
large  quantity  of  nitrogen  present  in  the  gas  and  to  the  small 
quantity  of  hydrogen.  It  will  also  be  possible  to  use  a  much 
higher  compression  in  the  engine  cylinder,  and  this  will  tend  to 
offset  any  loss  in  efficiency  in  the  producer  that  may  be  caused 
by  the  sensible  heat  lost  in  the  nitrogen.  Since  part  of  the 
engine  exhaust  is  delivered  to  the  producer,  the  sensible  heat  in 
the  exhaust  is  utilized  in  addition  to  the  heat  contained  in  the 
unburned  products  resulting  from  incomplete  combustion  in  the 
engine  cylinder.  These  latter  may  represent  anywhere  from  5  to 
20  per  cent  of  the  heating  value  of  the  original  gas.  The  disad- 
vantage of  the  process  doubtless  lies  in  the  regulation  of  the 
amount  of  COo  delivered  to  the  producer. 

II.    Purpose  op  the  Tests  and  Discussion  op  the 
Methods  op  Experimentation 

6.  Object  of  the  Tests. — In  the  field  of  small  isolated  power 
plants,  the  suction  gas  producer  using  anthracite  coal  of  the  finer 
grades  has  for  the  past  few  years  been  fighting  for  place.  As  in 
the  case  of  almost  ail  new  apparatus,  its  ultimate  success  or  fail- 
ure has  been  retarded  largely  on  account  of  the  lack  of  impartial 
data  on  the  efficiency,  cost  of  operation,  reliability,  etc.,  together 
with  the  natural  prejudices  against  change,  and  the  difficulty  in 
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securing  capable  operators.  The  tests  herein  described  were 
made  for  the  purpose  of  obtaining  impartial  data  on  the  efficiency, 
reliability,  and  operation  of  suction  gas  producers  of  small  size, 
using  anthracite  coal  as  fuel.  They  were  conducted  on  the 
producer  in  the  Mechanical  Engineering  Laboratory,  of  the  Uni- 
versity of  Illinois.  Incident  to  the  main  object  of  the  tests  was 
the  development  of  a  method  of  studying  and  testing  the  producer, 
the  standardization  of  forms  for  the  presentation  of  the  results  of 
the  tests,  and  probably  the  most  important  of  all,  the  derivation 
of  formulas  for  the  necessary  computations.  Twenty-five  tests 
were  made  and  four  grades  of  fuel  used.  The  results  of  all  tests 
are  included  in  Table  5,  and  the  forms  and  formulas  are  given  in 
the  Appendix. 

It  is  hoped  that  the  results  of  the  tests  themselves  will  be  of 
value  to  manufacturers  and  to  users  of  small  power;  the  method 
and  forms,  a  partial  discussion  of  which  has  appeared  in  a  previous 
articles  may  be  of  value  to  builders  of  gas  producers  and  to 
engineers  engaged  in  development  and  testing. 

7.  The  Producer. — The  producer  under  consideration  was 
installed  by  the  Otto  Gas  Engine  Works  of  Philadelphia,  and  is 
known  as  their  No.  3  producer.  In  the  specifica.tions,  it  was  stated 
that  the  producer  had  a  maximum  capacity  of  supplying  gas  for 
60  horse-power,  and  that  this  was  equivalent  to  a  maximum  pro- 
duction of  8100  cu.  ft.  of  gas  per  hour.  It  was  also  stated  that 
the  producer  was  designed  for  intermittent  operation  and  that 
the  length  of  runs  should  not  be  greater  than  12  hours. 

TABLE  1 

Dimensions  and  Proportions 

1.  Dimensions  of  grate,  ft 1.25x1.33 

2.  Grate  area,  sq.  ft 1.666 

3.  Mean  diameter  of  fuel  bed,  ft 1.545 

4.  Depth  of  fuel  bed,  ft 2.21 

5.  Area  of  fuel  bed,  sq.  ft 1.877 

6.  Heii^ht  of  discharge  pipe  above  grate,  ft 2.875 

7.  Approximate  width  of  airspaces  in  grate. in j. 0.5 

8.  Area  of  air  space,  sq.  ft 0.722 

9.  Proportion  of  air  space  to  whole  grate  area,  percent 43.3 

10.  Area  of  discharge  pipe,  sq.  ft .165 

11.  Outside  diameter  of  shell,  ft , 2.833 

12.  Lcnsith  of  shell  from  base  to  top  of  magazine,  ft 7.125 

13.  Ratio  of  minimum  draft  area  to  grate  area.  1  to 48.8 

1  Journal  A.  S.  M.  E.,  Dec.  1909. 
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The  producer,  the  principal  dimensions  of  which  are  given  in 
Table  1,  was  of  the  contained  vaporizer  type  and  was  provided  with 
a  plain  bar  grate. 

The  plant,  as  installed  by  the  Otto  Gas  Engine  Works,  con- 
sisted of  the  producer,  a  wet  scrubber,  a  gas  receiver  and  a  23  horse- 
power producer  gas  engine  known  as  their  No.  7  engine.  A  section 
through  the  producer  is  shown  in  Pig,  2.  A  diagrammatic  sketch 
of  the  plant  as  modified  for  testing  is  shown  in  Fig.  3. 


Fig.  2 


14 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


GARLAND-KRATZ — TESTS  OP  A  SUCTION  GAS   PRODUCER       15 

In  order  to  relieve  the  producer  test  of  an  engine  running:  in 
conjunction  with  it  and  to  make  the  former  independent  of  the 
latter,  it  was  decided  to  blank  off  the  engine  from  the  gas  main 
and  produce  the  necessary  suction  by  means  of  a  steam  ejector. 
This  reduced  the  labor  of  operating  to  minimum,  made  regulation 
positive,  under  immediate  control,  and  produced  conditions  tending 
to  insure  greater  accuracy  and  satisfaction. 

It  has  been  urged  that  producer  tests  can  not  be  run 
like  boiler  tests,  independently  of  the  engine,  principally  on 
account  of  the  prejudice  existing  among  prospective  buyers  of 
producer  installations.  This  objection  would  doubtless  hold  in  the 
case  of  acceptance  tests,  but  even  so,  it  would  be  desirable  in  all 
such  cases  to  run  the  engine  tests  in  conjunction  with  the  producer 
tests,  and  under  the  normal  conditions  of  everyday  operation, 

However,  for  the  purpose  of  studying  the  producer  when 
operating  under  different  conditions,  or  for  studying  the  action  of 
different  fuels  in  the  producer,  or  for  obtaining  data  on  the 
efficiency  and  composition  of  the  producer  gas  generated,  the 
present  method  has  decided  and  obvious  advantages. 

8.  The  Plant. — Referring  to  Fig.  3,  the  producer  A  is  shown, 
provided  with  a  fan  blower  P  for  starting,  a  two-way  cock  O,  a 
waste  pipe  leading  to  the  roof  and  a  water  seal  in  the  connection 
between  the  producer  and  the  first  wet  scrubber  B.  The  wet 
scrubber  B  was  filled  with  coke  and  provided  with  an  overflow  at  Q. 
The  scrubber  water  entered  at  K.  The  Schutte-Koerting  steam 
ejector  used  for  producing  the  draft,  was  located  at  P  and  provided 
with  the  steam  connection  as  indicated.  The  ejector  has  a  capacity 
of  12000  cu.  ft.  of  gas  per  hou"r.  The  steam  used  by  the  ejector  is 
condensed  in  the  second  wet  scrubber  G  and  the  suspended  mois- 
ture is  removed  by  the  separator  N  and  the  dryer  H.  The  latter 
is  simply  a  gas  bell  filled  with  straw.  Its  use  was  made  necessary 
by  the  Westinghouse  meters  located  at  I  and  J.  These  meters  are 
of  the  "wet"  type,  so  that  the  suspended  moisture  in  the  gases, 
before  the  use  of  the  dryer,  tended  to  collect  in  the  meter  and  raise 
the  level  of  the  sealing  fluid.  The  gauge  box  L  was  blanked  off  from 
the  pipe  line  during  the  producer  tests  and  was  used  only  for  the 
calibration  of  the  meters.  This  calibration  was  effected  by  the 
use  of  air  introduced  at  the  compressed  air  connection  indicated. 

9.  Method  of  Conducting  the  Tests. — In  conducting  the  tests. 
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the  items  to  be  considered  first  were  the  weight  of  coal,  the 
heating  value  of  the  coal,  the  volume  of  gas,  and  the  heating  value 
of  the  gas.  The  measurement  of  these  quantities  will  be  considered 
in  the  order  named. 

(l).  Determining  the  Weight  of  Goal  Fired. — The  correct  deter- 
mination of  the  weight  of  coal  fired  in  testing  producers  of  the 
intermittent  type,  where  tests  of  short  duration  are  necessary,  is 
a  problem  of  no  small  importance,  owing  to  the  difficulties  in 
obtaining  the  weight  of  coal  in  the  producer  at  the  start  and  at 
the  close  of  the  test.  The  method  of  starting  that  suggests  itself 
as  being  the  most  readily  carried  out,  especially  by  the  engineer,  is 
to  clean  the  ash  and  clinker  out  and  work  the  fuel  bed,  by  means  of 
the  poking  bar,  into  a  uniform  condition;  then,  in  closing,  to  dupli- 
cate these  conditions  as  nearly  as  possible. 

In  any  actual  case,  it  is  always  possible  to  compute  from  a 
number  of  actual  trials  the  average  weight  of  coal  required  to  fill 
the  producer  to  a  given  level.  If  this  mean  value  is  taken  as  the 
true  value  or  true  weight  of  coal  required  to  fill  the  producer,  then 
the  maximum  variation  from  the  mean  or  true  value  in  the  case  of 
any  one  trial  will  indicate  the  probable  maximum  error  that  will 
be  made  in  filling  the  producer.  Evidently  this  same  maximum 
error  may  be  made  in  bringing  the  fuel  bed  to  the  starting 
condition,  irrespective  of  the  weight  of  coil  required  to  bring  the 
fuel  bed  to  this  condition.  An  example  will  illustrate  this  better. 
Suppose  that  for  a  number  of  actual  trials,  the  average  weight 
of  coal  required  to  fill  the  producer  to  a  given  level  is  600  lb., — 
suppose  the  maximum  variation  from  the  mean  is  15.  The  maxi- 
mum error  is  2k  per  cent,  based  on  600  lb.  Suppose,  further,  that 
in  a  given  test,  200  lb.  of  coal  were  burned.  Evidently  in  bringing 
the  fuel  bed  to  the  starting  condition  and  in  filling,  a  maximum 
error  of  15  lb.  may  be  made;  i.  e.,  in  filling,  it  is  possible  to  make 
an  error  in  this  particular  test  of  7i  per  cent. 

In  order  to  determine  the  error  approximately  in  estimating 
the  weight  of  coal  during  the  present  tests,  the  producer  was  filled 
four  separate  times,  and  the  weight  of  coal  required  noted  in  each 
case.  The  average  of  the  four  weights  was  taken  as  the  mean 
weight  or  true  weight  of  coal  required  to  fill  the  producer.  The 
results  are  given  in  Table  2. 
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It  will  be  seen  from  this  table  that  the  maximum  variation 
from  the  mean  is  8.75  lb.  or  1.7  per  cent.     It  will  be  seen  from 


TABLE  2 

Weight  of  Green  Coal,  Required  to 
Fill  the  Producer 


Trial 
No. 

Weight 
pounds 

Variation 

from 
Averaye 
Weight 

Variation 
per  cent 

1 
2 
3 

4 

669.25 
676.25 
683.25 
683.25 

8.75 

1.75 

+5.25 

+5.25 

1.70 
.26 

^77 

Total 
Aver. 

2  712.00 
678.00 

Table  5,  giving  the  results  of  the  tests,  that  the  smallest  weight  of 
coal  fired  on  any  test  was  for  test  26,  and  that  this  weight  was  146 
lb.  In  bringing  the  fuel  bed  to  starting  conditions  and  in  filling 
the  producer  at  the  close  of  the  test,  it  would,  therefore,  have  been 
possible  to  make  an  error  of  8.75  lb.,  or,  in  this  case,  an  error  of 

rj^ =  6  per  cent.     This  is,  of  course,  the  purely  mechanical 

error  in  filling,  and  does  not  take  intoconsideration  the  difference 
that  may  maintain  in  the  condition  of  the  fuel  bed  in  starting  and 
stopping.  There  is  always  present  in  the  fuel  bed  a  larger  per 
cent  of  ash  in  stopping  than  in  starting,  and  if  this  is  in  the  form 
of  clinker,  a  large  error  may  result.  If  it  is  in  the  form  of  a  powder, 
the  error  will  probably  not  be  so  great,  as  the  ash  will  tend  to  pack 
into  the  interstices  around  the  coal;  and  while  the  fuel  bed  may 
contain  a  larger  per  cent  of  ash  in  stopping  than  in  starting,  the 
volume  of  the  fuel  bed,  and  the  weight  of  carbon  present  may  re- 
main practically  the  same.  The  error,  therefore,  in  the  estima- 
tion of  the  weight  of  coal  due  to  the  presence  of  the  ash  will  not 
be  large.  The  error  in  determining  the  weight  of  ash  is  unimpor- 
tant, as  this  may  be  determined  from  the  analysis  of  the  coal  and 
the  total  weight  of  coal  fired,  with  a  greater  degree  of  accuracy 
than  could  possibly  be  determined  from  the  weight  of  the  ash  and 
refuse  taken  from  the  producer. 

The  above  method  of  starting  and  stopping  the  test  has  been 
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used  throughout  the  present  work.  There  is  another  and  much 
more  accurate  method  of  procedure,  which  is,  however,  both  tedi- 
ous and  expensive.  Fill  the  producer  with  a  weighed  amount  of 
wood  and  coal  and  start  the  fire.  During  the  period  of  starting, 
measure  the  volume  of  gas  discharged,  and  at  the  same  time  take 
a  continuous  sample  for  analysis.  Also  weigh  the  ash  and  refuse 
accumulating  during  this  period,  and  take  a  sample  for  analysis. 

Reduce  the  total  volume  of  gas  to  standard  gas,  i.  e. ,  gas  at 
62°  F.  and  30  in.  Hg.,  and  calculate  from  the  analysis  the  volume 
of  COo,  CO,  H,  CH4  and  C2H4.  From  the  specific  weights  of  the 
constituents  of  producer  gas  as  given  in  the  Appendix  page  84, 
item  121,  calculate  the  total  weight  of  each  of  these  constituents. 
Let  a,  b,  c,  d,  e,  be  the  weights  of  the  respective  constituents. 
Then  the  total  weight  of  carbon  that  has  been  taken  from  the  fuel 
bed  during  the  starting  period  will  be, 

W=  TT  a  +  f 6  +  M  +  -16+  w, 
where  Wi  =  the  total  weight  of  carbon  as  determined   from  the 
analysis  and  the  weight  of  the  ash  and  refuse. 

The  total  weight  of  hydrogen  that  has  been  taken  from  the 
fuel  in  the  producer  and  that  appears  in  the  gas  may  be  deter- 
mined by  the  formula 

Tfo  =  c  +  icZ  +  |e 
This  neglects  the  hydrogen  that  may  be  formed  by  the  decompo- 
sition of  water,  and  will,  therefore,  introduce  an  error,  the  amount 
of  which  will  depend  upon  the  length  of  time  between  the  lighting 
of  the  fire  and  the  starting  of  the  test.  With  small  producers, 
this  will  be  very  small.  In  large  producers,  tests  are  usually  of 
such  length  and  the  weight  of  coal  fired  of  so  large  an  amount,  as  to 
make  the  error  in  the  estimation  of  the  coal  in  starting  and  stop- 
ping a  negligible  amount,  consequently,  such  a  method  as  the  one 
under  discussion  would  not  be  necessary. 

In  closing  the  test,  the  coal  should  be  burned  low  in  the  pro- 
ducer, and  immediately  after  closing,  the  fuel  bed  should  be  drawn 
and  weighed,  the  incandescent  coals  quenched  and  then  sampled, 
and  an  analysis  made  from  the  sample. 

The  total  weight  of  equivalent  coal  fired  during  the  test  may 
be  obtained  from  the  following  formula, 

TT7    I    w           (TF+  Wt)  14  560  +  W,x  62  000 
He  =  TT^s  -T  Wt   —     ^^ 

where 
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Wc  =  total  weight  of  equivalent  coal  fired  during  the  test. 

Ws  =  total  weight  of  equivalent  coal  in  producer  at  the  start. 

Wt  =  total  weight  of  coal  fired  during  test. 

W  =  total  weight  of  carbon  appearing  in  the  gas  before  start- 
ing. 

W2  =  total  weight  of  hydrogen  appearing  in  the  gas  before 
starting. 

TFf  =  total  weight  of  carbon  within  the  fuel  bed  at  the  close 
of  test. 

H    =  The  heating  value  of  the  coal  per  pound. 

(2)  Heating  Value  and  Analysis  of  the  Goal. — The  heating  value 
and  the  analysis  of  the  coal  were  determined  by  the  chemist,  and  a 
discussion  of  the  chemical  method  is  unnecessary  here.  The 
chemical  worli  is  probably  accurate  within  one  per  cent.  The 
greatest  error  in  the  analysis  or  in  the  heating  value  is  likely  to 
be  made  in  the  sampling  of  the  coal.  The  weight  of  the  coal 
sample  should  be  not  less  than  10  per  cent  of  the  total  weight  of 
coal  fired,  and  the  samples  taken  in  the  present  tests  represented 
from  10  to  15  per  cent  of  the  weight  of  coal  fired.  These  samples 
were  mixed  and  quartered  until  a  sample  sufiicient  to  fill  about 
eight  quart  jars  was  obtained;  this  sample  was  then  reduced  by 
grinding  until  it  would  pass  a  i  in.  screen.  This  was  again  mixed 
and  quartered,  and  a  sample  taken  sufficient  to  fill  a  pint  jar. 
This  sample  was  sent  to  the  chemist  for  analysis. 

The  coal  used  in  the  tests  was  stored  indoors  and  was  practi- 
cally air- dry  as  fired.  Proximate  analyses  and  heating  values 
were  obtained  from  the  coal  used  in  every  test.  Ultimate  analyses 
were  obtained  for  at  least  three  samples  from  each  grade  of  coal 
used.  Prom  these  ultimate  analyses  and  the  proximate  analyses 
from  each  test,  the  ultimate  analysis  for  each  test  was  determined 
by  a  method  of  approximation. 

(3)  Measuring  the  Volume  of  the  Gas. — The  volume  of  the  gas 
generated  was  measured  by  Westinghouse  meters.  These  were  of 
the  wet  type,  so  that  the  gas  should  contain  no  suspended  moisture. 
This  moisture  was  removed  by  the  dryer  shown  in  Pig.  3.  In  or- 
der to  insure  accuracy  in  the  measurement  by  the  meters,  a  gauge 
box  L,  Pig.  3,  was  connected  to  the  gas  main  so  that  the  meter  or 
meters  could  be  calibrated  from  time  to  time.  This  calibration 
was  effected  by  the  use  of  compressed  air.     Blind  flanges  were 
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placed  at  X  and  Y,  and  the  air  was  admitted  at  the  connection 
shown.  This  air,  expanding,  passed  to  the  meter  and  then  to  the 
gauge  box  which  contained  a  thin  plate  orifice.  The  pressure  and 
temperature  of  the  air  were  taken  at  the  meter  and  also  at  the 
gauge  box.  Prom  the  pressure  and  temperature  in  the  gauge  box 
the  volume  of  air  passing  the  orifice  was  computed  from  the  work 
of  R.  J.  Durley.^  Prom  this  volume,  and  the  pressure  and  tem- 
perature taken  at  the  meter,  the  volume  passing  the  meter  was 
computed. 

The  calibration  was  made  at  different  capacities  and  a  calibra- 
tion curve  for  the  meter  plotted.  This  latter  was  practically  a 
straight  line. 

In  obtaining  the  volume  of  gas  generated  during  a  test,  the 
volume  was  taken  from  the  calibration  curve  of  the  meter  and 
then  reduced  to  standard  gas  by  the  formula  given  on  page  86,  of 
the  Appendix,  item  125.  The  volume  of  gas  as  obtained  from  the 
meter,  as  just  explained,  was  checked  by  calculating  the  volume 
of  gas  generated  from  the  weight  and  analysis  of  fuel  and  the 
analysis  of  the  gas.  The  formula  for  this  computation  is  given  in 
the  Appendix,  page  86,  item  126. 

The  volumes  as  obtained  by  computation  ordinarily  checked 
within  5  per  cent  of  the  volumes  determined  by  the  meters.  Where 
the  sampling  of  coal  and  ash  is  carefully  carried  out,  this  method 
of  computing  the  volumes  from  the  analysis  is  reliable  for  pro- 
ducers using  hard  coal.  It  is  based  on  the  fact  that  the  weight  of 
carbon  contained  in  the  coal  must  equal  the  weight  of  carbon  con- 
tained in  the  gas  plus  the  weight  contained  in  the  ash  and  refuse, 
plus  the  weight  lost  in  tar  and  the  weight  lost  in  the  gas  absorbed 
by  the  scrubber  water.  The  carbon  lost  from  the  hard  coal  pro- 
ducf»rs  in  the  form  of  tar  and  condensible  hydrocarbons  is  very 
small,  doubtless  less  than  one  per  cent.  The  weight  lost  by  the 
absorption  of  COo  and  CO  in  the  scrubber  water  is  also  very  small, 
so  that  the  carbon  in  the  coal  should  be  accounted  for  within  5  per 
cent  at  the  most.  The  method  may  even  be  used  for  the  deter- 
mination of  the  volume  of  gas  generated  by  bituminous  coal  pro- 
ducers. In  the  case  of  these  producers,  10  per  cent  of  the  carbon 
may  be  lost  in  the  tar  and  other  heavy  hydrocarbons  which  con- 
dense and  are  deposited  in  the  scrubbers  and  gas  mains. 


1  Trans.  American  Society  Mechanical  Engineers,  Dec.  1905. 
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The  percentage  of  carbon  so  lost  may  be  found  by  taking  a 
continuous  sample  of  tlie  gas  as  it  leaves  the  producer,  and  before 
it  is  cooled,  and  drawing  it  through  some  form  of  condenser  in 
which  the  condensible  matter  will  be  thrown  down  while  the  gas 
passes  to  a  small  meter  for  measurement.  From  the  weight  and 
analysis  of  the  condensed  matter  and  the  volume  of  the  gas  sam- 
ple, the  per  cent  of  carbon  lost  in  this  way  may  be  obtained.  The  ^ 
determination  is  tedious  and  requires  considerable  outlay,  but  it 
may  often  be  used  to  advantage  in  the  testing  of  large  producers 
where  mechanical  means  of  measuring  the  volume  of  the  gas  gen- 
erated are  impossible.  The  value  of  the  volume  of  gas  computed 
from  analysis  as  a  check  on  the  accuracy  of  the  test  has  been  dis- 
cussed on  page  39. 

(4)  Sampling  the  Oas^. — The  correct  sampling  of  the  gas  for 
analysis  and  for  the  determination  of  the  heating  value  is  impera- 
tive. In  the  present  tests,  the  form  of  sampling  device  is  illustrated 
in  Fig.  4.  This  device  takes  the  sample  from  three  separate  points 
in  the  main  and  practically  the  same  volume  of  gas  from  each 
point.  In  mains  of  larger  diameter,  more  nipples  should  be  used. 
A  good  rule  is  to  use  one  sampling  nipple  for  each  inch  of  diame- 
ter of  main. 


Fig.  4 


1  Credit  is  due  Mr,  O.  A.  Carnahan  for  his  painstaking  and  conscientious  work  in  the 
analysis  of  the  gases,  for  all  the  tests,  and  his  ingenuity  and  suggestions  along  this  particular 
line.  Credit  is  also  due  Mr.  J.  P.  Clayton  for  his  assistance  in  computing,  and  in  operating 
the  calorimeter  on  a  large  number  of  tests. 


22 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


The  above  device  was  inserted  beyond  the  second  scrubber 
and  at  ^S',  Fig.  3.  In  this  position,  the  gas  is  under  pressure  so 
that  it  is  necessary  only  to  connect  the  aspirator  bottle  used  for 
collecting  the  sample  of  gas  to  the  nipple  leaving  the  sampling 
device. 

Where  the  gas  is  under  a  pressure  lower  than  atmospheric,  it 
%is  necessary  to  connect  an  aspirator  of  the  ordinary  laboratory 
type  to  the  sampling  device  and  draw  the  gas  from  the  main  by  the 
aspirator  and  force  it  into  a  vessel  provided  with  a  water  seal. 
Samples  of  the  gas  may  be  taken  from  this  vessel  both  for  analy- 
sis and  for  the  calorimeter.  Pig.  5  illustrates  the  arrangement. 
The  principal  objection  to  its  use  is  that  small  quantities  of  gas, 
principally  COo,  are  absorbed  by  the  water  in  the  aspirator. 


1  Water 


I  Gas 
to  Color  1  met ev* 
af\d    to  Sart,^- 
li^\^  Bottle      ' 


Fig.  5 
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The  sample  of  gas  taken  from  the  sampling  device  for  analysis 
was  collected  for  the  present  tests  in  ordinary  aspirator  bottles  and 
over  water  previously  saturated  with  producer  gas.  These  bottles 
held  about  5  litres.  600  cc.  of  the  sample  was  transferred  to  a 
special  glass  sampling  tube  containing  mercury.  This  sample  was 
then  sent  to  the  chemist  for  analysis.  The  sample  of  gas  for  the 
Junker  calorimeter  was  also  taken  from  the  above  sampling 
device  by  connecting  the  burner  of  the  calorimeter  through 
rubber  tubing  to  the   nipple.     When  operating  the  calorimeter, 


Gas 


M^rcurj  ff  ro  fegg^er 


Fig.  6 
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samples  were  taken  continuously,  one  after  the  other. 

In  order  to  obtain  correct  samples  of  gas,  they  should  be  drawn 
from  the  main  continuously  and  at  a  uniform  rate  of  flow.  With 
the  aspirator  bottles  above  mentioned,  the  condition  of  uniform  flow 
was  practically  impossible  at  the  time  of  sampling. 

Later,  the  gases  were  collected  in  glass  sampling  tubes 
containing  mercury.  Each  tube  held  about  600  cc.  The  tubes 
were  connected  directly  to  the  nipple  leading  from  the  sampler, 
and  the  mercury  was  drawn  off  through  a  glass  cock  located  at  the 
bottom  of  the  tube.  The  mercury  passed  through  the  cock  and 
dropped  from  a  glass  tube,  the  opening  in  the  end  of  which  had  been 
made  of  such  size  as  to  allow  the  mercury  to  run  from  the  tube  in 
about  two  hours'  time.  Fig.  6  illustrates  this  arrangement.  The 
apparatus  has  the  advantage  of  collecting  the  sample  over  mer- 
cury, which  eliminates  small  errors  that  alwaysresult  from  the 
absorption  or  liberation  of  gases  by  the  water,  and  in  addition  per- 
mits the  observer  to  see  at  a  glance  whether  or  not  stoppage  of 
the  flow  of  mercury  has  occurred. 

(5)  Determining  the  Heat  Value.— The  heating  value  of  the 
gas  has  been  determined  by  the  Junker  calorimeter  and  by  compu- 
tation from  the  analysis  of  the  gas.  The  latter  value  is  assumed 
to  be  more  nearly  the  true  value,  and  has  been  used  in  the 
computations.  It  is  assumed  to  be  more  nearly  the  true  value  for 
the  reason  that  the  gas  samples  from  which  the  analyses  were 
made  were  continuous  samples  taken  over  the  entire  period  of 
the  test,  while  samples  for  the  Junker  calorimeter  were  more  or 
less  intermittent,  due  in  the  case  of  some  of  the  earlier  tests  on  the 
Philadelphia  and  Reading  coal,  to  poor  gas,  which  would  not 
burn  at  times,  and  again,  to  the  necessity  of  using  the  operator  on 
other  work.  There  are,  also,  certain  errors  such  as  radiation  and 
conduction  and  possibly  errors  in  the  meter  which  enter  into  the 
calorimeter  determinations  and  for  which  allowance  cannot  readily 
be  made.  Again,  the  thermometers  used  in  measuring  the  tem- 
perature of  the  entering  and  leaving  water  read  only  to  tenths  of 
a  degree  so  that  an  error  of  0.5  of  one  per  cent  could  easily  be 
made  in  estimating  to  hundredths,  as  the  rise  in  temperature  of 
the  water  was  frequently  not  greater  than  two  or  three  degrees. 

It  was  found  by  actual  trial  that  radiation  and  conduction 
could  easily  affect  the  readings  to  the  extent  of  two  per  cent  in 


GARLAND-KRATZ — TESTS  OF  A  SUCTION  GAS    PRODUCER      25 

making  determinations  upon  producer  gas.  The  temperature  of 
the  water  used  in  the  calorimeter  in  the  case  of  all  tests  was  below 
the  room  temperature,  so  that  the  heat  was  conducted  into  the 
calorimeter.  This  tended  to  make  all  determinations  about  two 
per  cent  high.  Upon  calibrating  the  gas  meter  used  with  the 
calorimeter,  it  was  found  to  read  a  fraction  over  two  per  cent 
low.  The  error  in  the  meter  was,  therefore,  considered  to  offset 
the  error  due  to  conduction  and  radiation. 

On  account  of  the  above  causes,  it  is  believed  that  the  heat- 
ing value  of  gases  whose  principal  constituents  are  simple  gases, 
such  as  CO  and  Ho,  may  be  determined  with  a  greater  degree  of 
accuracy  by  computation  fi-om  the  analysis  rather  than  by  the 
calorimeter,  especially  where  the  latter  is  operated  under  con- 
ditions existing  on  a  test  and  possibly  by  one  unfamiliar  with  the 
errors  likely  to  be  made  in  using  the  instrument. 

In  the  case  of  all  the  present  tests  on  which  the  calorimeter 
was  run  continuously,  the  heating  value  as  determined  by  the 
calorimeter  checked  the  heating  value  as  determined  from  analy- 
sis within  less  than  three  per  cent,  and  on  a  number  of  these 
within  one  per  cent.  This  seems  to  indicate  that  either  method 
of  obtaining  the  heating  value  is  accurate  if  proper  care  is  used. 

(6)  Error  Due  to  Vapor  Pressure  of  Water. — An  error  that 
caused  considerable  discrepancy  between  the  heating  value  as 
given  by  the  calorimeter  and  that  as  given  by  the  analysis,  and 
which  resulted  in  about  ten  days  of  investigation  upon  the  accuracy 
of  the  Junker  calorimeter,  was  the  neglect  of  the  effect  of  the 
vapor  pressure  of  water  contained  in  the  gas  passing  through  the 
meter.  This  source  of  error  had  been  recognized  in  the  deriving 
of  the  formula  for  the  calorimeter  that  appears  in  the  Appendix, 
page  83,  item  120,  and  had  been  allowed  for,  but  in  temporarily 
working  up  the  heating  value  on  some  of  the  tests,  this  formula 
was  not  used,  and  this  error  was  lost  sight  of.  The  result  was  an 
error  of  from  two  to  four  per  cent,  which  could  not  be  accounted 
for  after  allowing  for  radiation  and  other  errors  in  the  use  of  the 
apparatus.  As  we  have  since  found  that  this  is  an  error  that  is 
not  usually  recognized  or  allowed  for  by  engineers,  it  will  not  be 
out  of  place  to  discuss  and  indicate  its  magnitude. 

The  gas  entering  the  Junker  meter  is  saturated  with  the  vapor 
of  water.     Consequently  this  vapor  is  under  the  pressure  due  to 
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the  tempei*ature  of  the  gas.  According  to  the  lawsof  Dalton,  if  a 
mixture  of  gases  is  inclosed  within  a  vessel,  the  volume  of  each 
gas  occupies  the  entire  volume  of  the  vessel  and  each  gas  is  under 
its  own  pressure.  The  sum  of  the  pressures  of  the  constituents 
of  the  mixture  is  equal  to  the  total  pressure  within  the  vessel. 

The  total  absolute  pressure  within  the  meter  is  the  barometer 
pressure  plus  the  pressure  in  inches  of  water  indicated  by  the 
U  tube  attached  to  the  pressure  regulating  device  that  accompanies 
the  meter.  The  temperature  of  the  gas  within  the  meter  is 
obtained  from  the  thermometer.  Assume  that  the  total  pressure 
in  the  meter  is  30  inches  of  mercury  absolute,  and  that  the  tem- 
perature of  the  gas  is  70°  F.  We  find  from  the  steam  table  that 
the  vapor  pressure  of  the  water  is  .73  in.,  the  total  pressure  of 
the  mixture  is  30  in.,  consequently,  the  pressure  of  the  dry  gas  is 
30.0-0.73  =  29.27  inches.  If  the  temperature  in  the  meter  is  100" 
F.,  the  pressure  of  the  vapor  is  1.94  in.,  and  the  pressure  of  the 
dry  gas  is  30.0-1.94  =  28.06  in.  of  mercury. 

From  these  examples,  it  will  be  seen  that  an  error  of  about 

73 
'^r-  X  100  =  2.4  per  cent  will  be  made  at  70 °F.  by  neglecting  the 

oO 

effect  of  the  vapor  pressure  in  computing  the  standard  volume  of 

1.94  _ 

gas  used  by  the  calorimeter  and  that  an  error  of  about  -^  x  100  = 

6.5  per  cent  at  100°  F.  will  be  made.  The  same  error  will  be 
made  in  computing  the  total  volume  of  gas  discharged  from  the 
producer,  as  indicated  by  the  gas  meters. 

The  effect  of  the  above  error  is  to  give  a  low  value  for  the 
heat  of  combustion  of  the  gas,  and  to  give  a  high  value  for  the 
total  volume  of  gas  generated  by  the  producer.  If,  therefore, 
no  correction  is  made,  the  total  heat  contained  in  the  gas  gen- 
erated by  the  producer,  since  it  is  the  product  of  the  two  quan- 
tities, will  not  be  in  error,  and  the  efficiency  of  the  producer  will 
consequently  not  be  in  error.  If,  however,  the  total  volume  of 
gas  generated  has  been  corrected  for  vapor  pressure,  and  the 
volume  of  gas  u.'^ed  by  the  calorimeter  has  not  been  corrected, 
which  is  frequently  the  case,  the  efficiency  of  the  producer  will  be 
low  by  the  amount  of  this  error. 

(7)  Anaiyzincj  the  Gases. — The  analysis  of  the  gas  was  made 
in  the  Hempel  gas  analysis  apparatus  and  over  water.  The 
burette  used  was  water- jacketed  to  prevent  changes  in  temperature 
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affecting  the  results,  while   the  water  used  in  the  burette  was 
saturated  with  gas. 

In  some  of  the  later  tests,  the  gases  were  collected 
in  gas  sampling  tubes  holding  about  600  cc.  and  were  collected 
over  mercury.  The  analysis  was  also  made  over  mercury. 
It  is  believed  that  this  was  at  least,  a  safe  precaution,  as  the 
water  in  the  aspirator  bottles  previously  used  for  sampling, 
and  in  the  burette,  even  if  saturated  with  the  gas  beforehand, 
might  either  absorb  or  give  off  small  quantities  of  the  gas. 
There  are  also  other  advantages  in  the  use  of  the  "accurate" 
method  which  need  not  be  discussed  here. 

(8)  Measuring  the  Weight  of  Air  Used. — As  the  weight  of  air 
is  not  used  in  calculations  of  the  first  importance,  it  was  not  con- 
sidered necessary  to  measure  this  quantity,  as  it  could  be  computed 
from  the  weight  of  nitrogen  appearing  in  the  gas  with  an  accuracy 
well  within  5  per  cent.  This  has  been  done  for  all  tests  and  the 
result  appears  under  item  97  of  Table  5. 

(9)  Measuring  the  Temperatures. — All  temperatures  with  the 
exception  of  the  temperatures  in  the  fuel  bed  and  the  temperature 
of  the  gases  leaving  the  producer,  were  taken  with  mercury  ther- 
mometers, all  of  which  had  previously  been  calibrated  and  calibra- 
tion curves  plotted.  All  mercury  thermometers  were  used  with 
their  bulbs  in  direct  contact  with  the  medium  whose  temperature 
was  to  be  measured.  In  calibrating,  the  Reichsanstalt  standards 
of  the  department  of  Physics  were  used.  In  making  the  com- 
putations, the  corrections  were  taken  from  the  calibration  curves. 

(10)  Temveratures  of  Gases  Leaving  Producer. — The  measure- 
ment of  the  temperature  of  the  gases  leaving  the  producer  was 
effected  by  the  use  of  a  platinum-rhodium  thermocouple  and  a 
Siemens  &  Halske  millivoltmeter  calibrated  to  read  direct  in 
degrees  Centigrade.  This  couple  and  voltmeter  were  compared 
with  a  Reichsanstalt  standard,  reading  in  degrees  Centigrade  and 
to  500°.  After  making  the  proper  stem  correction  for  the  standard, 
the  readings  of  the  thermocouple  practically  agreed  with  the 
readings  of  the  standard.  For  higher  temperature,  the  thermo- 
couple readings  were  taken  at  the  melting  point  of  zinc,  419°  C. , 
the  melting  point  of  silver,  961°  C. ,  and  the  melting  point  of  cop- 
per, 1084  °  C,  and  were  found  to  be  practically  correct.  In 
using     the    platinum-rhodium    couples,    considerable    care    had 
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to  be  taken  in  order  not  to  have  the  couple  contaminated  with 
gases,  as  such  contamination  would  destroy  the  calibration  and 
ultimately  make  the  couple  worthless.  As  a  couple  of  this  type 
five  feet  in  length  costs  about  $50.00,  it  is  evidently  necessary  to 
use  some  care  in  this  respect.  In  order  to  protect  the  present 
couple,  the  hot  junction  was  placed  in  a  quartz  glass  tube  about 
i-in.  inside  and  i-in.  outside  diameter.  This  tube  was  then  in- 
serted in  a  brass  thermometer  cup  which  was  screwed  into  the  gas 
main  leaving  the  producer  at  0,  Pig.  3.  The  cold  junction 
of  the  thermocouple  was  placed  in  melting  ice. 

After  a  number  of  tests  had  been  run,  it  was  considered  pos- 
sible for  the  conduction  of  the  brass  thermometer  cup  to  lower  the 
temperature  as  given  by  the  thermocouple.  In  order  to  test  this, 
a  mercury  thermometer,  and  later  a  Hoskins  thermocouple,  the 
latter  having  been  compared  with  the  platinum  rhodium  couple, 
were  placed  in  direct  contact  with  the  gases.  The  producer  was 
then  run  at  different  capacities,  in  order  to  produce  different 
temperatures  in  the  leaving  gases,  and  simultaneous  readings  of 
the  Hoskins  couple  exposed  to  the  gases  and  of  the  platinum- 
rhodium  couple  protected  by  the  thermometer  cup  and  quartz 
glass  tube,  were  taken.  The  curve  of  Fig.  7  was  plotted  from  the 
data  taken  on  this  experiment.  The  results  were  somewhat 
startling. 

As  the  points  fell  on  practically  a  straight  line,  there  could 
be  no  doubt  of  the  effect  of  the  thermometer  cup  and  the  quartz 
glass  tube  upon  the  reading  of  the  thermocouple.  The  tem- 
peratures used  in  the  computations  were  taken  in  degrees  F,  from 
curve  1  of  Fig.  7.  The  actual  readings  of  the  platinum-rhodium 
couple  in  degrees  Centigrade  were  plotted  as  abscissas  while  the 
corrected  readings  in  degrees  F.  were  plotted  as  ordinates. 
Curve  2  of  Fig.  7  is  a  curve  showing  the  relation  between  degrees 
Centigrade  and  degrees  Fahrenheit,  and  was  used  in  transfer- 
ring temperature  from  one  scale  to  the  other.  The  corrected 
average  temperature  of  the  gases  leaving  the  producer,  in  degrees 
F.,  is  given  in  Table  5,  item  39. 

(11)  Temperatures  in  the  Fuel  Bed. — The  temperatures  in  the 
fuel  bed  were  obtained  on  several  tests  by  the  use  of  a  platinum- 
rhodium  thermocouple  and  the  Siemens  and  Halske  galvano- 
meter.    The  hot  junction  of  this   couple  was  placed  in  a  i-in- 
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quartz  glass  tube  about  30  in.  long,  the  quartz  tube  in  turn  being 
placed  in  a  f -in.  iron  pipe  closed  and  pointed  at  one  end.  The 
pipe  containing  the  hot  junction  of  the  thermocouple  was  then 


TA.BLE  .3 
Temperatube  Through  Fuel  Bed 


Time 

* 
Zone 
No. 

Temperatures  °F  . 

Test 
No. 

3    inches 

from    near 

Side  of 

Lining 

At  Center 

3    inches 

from   far 

Side  of 

Lining 

6 

6:40 

to 

6:50 

1 
2 
3 
4 

1652 
2192 

1832 

1535 
1742 
1782 

2282 

1688 

1922 
1048 

8 

1:52 

to 
2:20 

1 
2 
3 

4 

2490 
1832 

2120 
2247 
2282 
1724 

2060 
2327 
1975 
1922 

18 

11:30 
to 
12:40 

1 
2 
3 

2350 

2163 

2380 

2300t 

2250 

2375 

19 

11:00 
to 
11:40 

1 
2 
3 

2000 
2300 
2350 

1970 
2160 
2137 

1950 

23U0+ 

2250 

11:45 
21                    to 
12:30 

1 
2 
3 

700 
1560 
2075 

575 
1550 
1875 

375 

1475 
1725 

25 

10:05 
to 
10:55 

1 
2 
3 

2100 
2350 

2037 
2225 
2200 

2025 
2275 

2400 

27 

10:30 
to 
11:40 

I 
2 

1075 
1580 

1075 
2000 

16S0 
2000 

23 

8:43 

to 

9:35 

3:50 

1 
2 
3 

1 

1237 
1500 
1600 
1950 

1610 
1812 
2037 
1675 

1625 
1900 
2225 
1700 

♦Zone  No.  1  =  24  in.  above  grate. 
Zone  No.  2  =  18  in.  above  grate. 
Zone  No.  3  =  10  in.  above  grate. 
Zone  No.  4  =   3  in.  above  grate. 

t   indicates  that  the  temperature  rose  above  the  softening  point  of  the  thermo- 
couple and  hence  was  not  obtained. 
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inserted  in  holes  drilled  through  the  walls  of  the  producer.  These 
were  drilled  one  above  the  other  at  3  in. ,  10  in. ,  18  in.  and  24  in. ,  re- 
spectively, from  the  grate.  Temperatures  were  taken  first  through 
the  upper  hole,  at  3  in.  from  the  near  side,  at  the  center  and  3  in. 
from  the  far  side,  and  in  the  same  positions  through  each  of  the 
other  holes. 

The  platinum- rhodium  couple  did  not  prove  entirely  satis- 
factory for  this  work,  on  account  of  the  difficulty  in  properly  pro- 
tecting it.  When  the  end  of  the  iron  pipe  entered  a  zone  where 
clinker  was  forming  and  where  there  were  large  holes  in  the  fuel 
bed  through  which  the  air  was  passing,  the  temperature  rose 
rapidly  and  either  melted  off  the  end  of  the  pipe  or  bent  it  so  that 
it  was  difficult  to  remove.  After  losing  several  inches  from  the 
end  of  the  couple  and  at  the  same  time  contaminating  it  with  the 
gases  from  the  fuel  bed,  it  was  decided  to  try  the  Hoskins  couples. 
These  are  a  patented  thermocouple  of  considerable  mechanical 
strength,  supposed  to  be  unaffected  by  furnace  gases.  The 
composition  of  the  elements  forming  the  couple  is  not  known. 
The  temperature  as  indicated  by  the  Hoskins  couple  is  read  in 
degrees  Fahrenheit  direct  from  the  galvanometer  provided. 
This  latter  reads  to  2500°  P.  It  was  found,  however,  that  the 
couples  softened  at  2250°  F. ,  so  that  it  was  not  possible  to  go  higher 
than  this.  These  couples  are  much  heavier  than  the  platinum- 
rhodium  couples,  and,  according  to  the  manufacturers' statement, 
could  be  used  in  the  fuel  bed  without  protection.  It  was  found 
better,  however,  to  enclose  them  in  iron  pipes.  The  temperature 
n  the  fuel  bed  was  taken  by  means  of  the  Hoskins  couple  from 
test  18  to  test  31.  The  temperature  so  observed  will  be  found  in 
Table  3. 

(12)  Measurincf  the  Water  Used. — The  water  fed  to  the  pro- 
ducer from  the  vaporizer  in  tests  2  to  8  inclusive  and  in  tests  31, 
32  and  38,  was  obtained  by  weighing  a  tank  filled  with  water  which 
rested  on  platform  scales.  This  tank  was  placed  on  the  charg- 
ing platform  above  the  producer.  The  water  was  allowed  to  drip 
from  the  tank  into  the  vaporizer.  A  constant  level  was  main- 
tained on  the  vaporizer  by  allowing  the  water  to  overflow  into  a 
second  tank  resting  also  on  platform  scales.  The  weight  of  water 
fed  to  the  producer  was  therefore  the  difference  between  the 
weight  of  the  supply  tank  and  the  weight  of  the  overflow  tank. 
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In  all  other  tests  the  vaporizer  was  blanked  off  and  a  steam  jet 
supplied  the  moisture  necessary  in  the  operation  of  the  producer. 
The  jet  passed  through  a  small  thin  plate  orifice.  The  pre.ssure 
on  the  orifice  in  pounds  per  square  inch  was  taken,  and  after  the 
test,  the  orifice  was  calibrated  under  the  pressure  observed  on  the 
test.  The  jet  was  located  beneath  the  grate  and  in  the  center  of 
the  ashpit.  Any  steam  condensing  in  the  ashpit  from  the  jet 
overflowed,  and  was  collected  and  weighed  at  the  end  of  the  test. 
The  weight  of  this  overflow  was  small  and  in  a  number  of  tests 
there  was  no  overflow.  The  weight  of  water  supplied  to  the  pro- 
ducer was  obtained  from  the  pressure  on  the  orifice  and  the  cali- 
bration at  this  pressure.  The  actual  weight  that  entered  the  fuel 
from  the  steam  jet  was  the  difference  between  the  above  weight 
and  the  weight  of  the  overflow.  The  former  quantity  is  given 
under  item  79A  of  Table  5.  Besides  the  water  from  the  vapori- 
zer, there  is  also  the  moisture  carried  in  by  air  and  by  the  coal. 
These  weights  are  given  under  items  79B  and  790  respectively. 
The  computations  for  the  weight  of  moisture  carried  in  by  the  air 
are  given  in  the  Appendix,  page  87,  items  10-4  and  105. 

The  water  supplied  to  the  first  scrubber  was  measured  by  a 
water  meter,  which  was  calibrated  before  the  test.  The  water 
used  by  the  second  scrubber  was  not  considered,  as  this  was  only 
incidental  to  the  method  of  testing. 

(13)  Weight  of  Moisture  in  the  Gas. — The  weight  of  moisture 
in  the  gas  leaving  the  producer  was  determined  by  two  separate 
methods.  First,  by  drawing  a  sample  of  gas  through  a 
calcium  chloride  tube,  by  means  of  a  water  aspirator.  A 
small  wet  gas  meter  was  placed  between  the  calcium  chloride 
tube  and  the  aspirator  from  which  the  volume  of  gas  was 
determined.  The  moisture  accumulating  in  the  tube  was  weighed. 
Prom  the  data  obtained  from  this  apparatus,  the  per  cent  of 
moisture  in  the  gas  leaving  the  producer  was  determined.  In 
tlie  second  method,  the  weight  of  water  decomposed  in  the  fuel 
bed  was  computed  from  the  analysis  of  the  gases.  Appendix, 
page  87,  item  86.  This  weight  is  given  in  Table  5,  item  80.  The 
total  weight  of  moisture  entering  the  producer  is  given  under 
item  79;  the  difference  between  the  two  items  gives  the  weight  of 
water  in  the  producer  gas.  It  is  believed  that  the  percentage  of 
moisture  in  the  gas  based  on  this  determination  is  the  more  ac- 
curate. 
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(14)  JsA  and  Refuse. — The  ash  and  refuse  taken  from  the 
grate  during  the  test,  together  with  that  resulting  from  the  clean- 
ing at  the  end  of  the  test,  were  collected  and  weighed.  The  whole 
was  then  quartered  and  sampled,  and  the  sample  sent  to  the 
chemist  for  analysis.  The  weight  of  carbon  lost  through  the  grate 
was  determined  from  the  total  weight  of  ash  and  refuse  and  the 
per  cent  of  carbon  as  given  in  the  chemist's  report.  It  will  be 
noted  from  item  49  of  Table  5  that  in  several  of  the  tests,  the  per- 
centage of  ash  and  refuse  obtained  is  lower  than  the  percentage 
of  ash  in  the  coal  as  given  by  the  chemist's  report,  item  53.  This 
is  due  to  the  impossibility  of  removing  all  of  the  ash  from  the  fuel 
bed  at  the  close  of  the  test.  This  ash  may  have  been  either  in 
the  form  of  clinker  which  accumulated  on  the  lining  of  the  pro- 
ducer, or  in  the  form  of  a  soft  white  powder  which  packed  into  the 
interstices  around  the  coal.  The  failure  to  obtain  the  correct  or 
true  weight  of  ash  formed  during  the  test,  as  explained  under  the 
measurement  of  the  weight  of  coal  fired,  is  not  of  great  importance, 
as  the  weight  of  ash  and  refuse  is  used  only  for  the  determination 
of  the  weight  of  carbon  lost  through  the  grate. 

In  a  number  of  tests,  ultimate  analyses  were  made  on  the  ash 
and  refuse  for  the  purpose  of  investigating  the  formation  of 
clinker.  These  analyses  are  given  under  item  63  of  Table  5.  The 
percentages  are  based  on  the  weight  of  "earthy  matter." 

(15)  Soot  and  Tar. — The  amount  of  soot  and  tar  escaping  the 
scrubber  of  the  hard  coal  producer  is,  under  normal  conditions, 
very  small,  and  as  a  rule  very  little  trouble  results  from  their 
presence.  No  attempt  was  made  in  the  tests  to  determine  their 
weight.  After  about  600  hours'  operation  and  the  generation  of 
about  2  000  000  cu.  ft.  of  gas,  the  horizontal  pipe  leading  from  the 
wet  scrubber  to  the  steam  ejector  was  taken  down  and  examined. 
It  was  found  to  contain  a  coating  of  tar  and  soot  less  than  3V  in. 
thick  on  the  inner  wall.  As  this  period  of  time  would  correspond 
to  about  two  months,  running  at  12  hours  per  day,  it  may  be  as- 
sumed that  the  scrubber  capacity  is  sufficient. 

(16)  Stand-by  Losses. — Small  producers  of  the  present  type 
are  usually  designed  for  intermittent  operation  and  are  not  well 
adapted  for  continuous  runs  of  longer  than  twelve  hours'  duration. 
This  is  a  disadvantage  due  to  the  size  of  the  producer,  and  results 
from  the  inability  to  thoroughly  clean  the  ash  from  the  fuel  bed 
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without  lowering  the  heating  value  of  the  gas  to  such  an  extent  as 
to  interfere  with  the  operation  of  the  engine.  In  larger  producers 
the  volume  of  gas  generated  per  unit  of  time  is  large:  the  fuel  bed 
is  also  large,  so  that  the  air  admitted  in  poking  and  cleaning  the 
fire  represents  a  very  small  percentage  of  the  gas  volume  gener- 
ated. Also,  the  proportion  of  the  fuel  bed  disturbed  at  one  time 
is  relatively  small  compared  with  the  total  area  of  the  fuel  bed. 
On  account  of  these  conditions,  the  fuel  bed  of  a  large  producer 
may  be  cleaned  and  poked  without  seriously  affecting  the  quality 
of  the  gas,  so  that  continuous  operation  is  a  comparatively  easy 
matter,  while  with  a  smaller  producer  of  the  same  type  continuous 
operation  would  be  impossible. 

The  specifications  accompanying  the  present  producer  state 
that  it  is  to  be  used  for  runs  of  not  greater  than  12  hours.  Conse- 
quently, there  will  be  a  stand-by  of  twelve  hours'  duration  if  the 
engine  is  being  operated  twelve  hours  per  day.  As  this  is  the 
condition  that  maintains  in  commercial  work,  it  is  of  importance 
that  the  losses  due  to  this  stand-by  be  known. 

In  order  to  determine  these,  a  stand-by  test  of  120  hours  start- 
ing October  11,  1909  at  10:20  a.  m.  and  running  until  October  16, 
at  10:20  a.  m.  was  made.  The  test  was  started  by  running  the  pro- 
ducer until  a  normal  fuel  bed  was  obtained,  and  then  cleaning  the 
fires  and  filling  the  producer  with  coal.  The  producer  was  then 
closed  down,  and  at  the  end  of  twelve  hours,  the  fires  were  cleaned, 
and  the  producer  operated  until  the  gas  would  burn  at  the  try  cock. 
The  producer  was  again  closed  down  for  twelve  hours,  and  at  the 
end  of  the  period,  the  fires  were  again  cleaned  and  the  above 
cycle  of  operations  repeated.  During  the  120-hr.  run,  the  fires  w^re 
cleaned  and  the  gas  producer  operated  until  a  working  gas  was 
obtained  ten  times,  that  is,  once  every  twelve  hours. 

At  the  close  of  the  test,  280  lb.  of  coal  were  required  to  fill  the 
producer.  This  represents  a  stand-by  loss  of  28  lb.  of  dry  coal 
per  twelve  hours.  If  we  consider  that  500  lb.  of  coal  per  12-hr. 
run  is  about  the  normal  capacity  of  the  producer,  the  stand-by  loss 
represents  about  5.5  per  cent  of  the  dry  coal  fired  or  about  6  per 
cent  of  the  combustible.  The  results  of  the  stand-by  test  are 
given  in  Table  4. 

The  stand-by  loss  is  divided  into  four  parts;  (1)  that  which  is 
lost  through  the  grate  due  to  cleaning  the  fire;  (2)  that  which  is 


GARLAND-KRATZ — TESTS  OF  A  SUCTION   GAS   PRODUCER      35 

lost  through  the  poor  gas  generated  from  the  time  the  blower  is 
started  until  the  gas  is  sufficiently  rich  for  use  in  the  engine;  (3) 
that  which  is  lost  in  the  small  quantity  of  gas  generated  during 
the  actual  stand-by  period;  and  (4)  that  which  is  due  to  the  con- 
duction and  radiation  of  heat  from  the  producer  during  this 
stand-by  period. 

The  loss  through  the  grate  may  be  obtained  from  the  data  of 
Table  4.  It  was  not  deemed  sufficiently  important  to  separate  the 
second  and  third  losses,  and  it  was  not  possible  to  obtain  the  fourth 
other  than  approximately. 

TABLE  4 

Results  of  Test  for  the  Determination  of  Stand-by  Losses. 

Time  of  start,  10:20  a.  m. ,  October  II.  1909. 

Time  of  stop.  10:20  a.m.,  October  16.  1909. 

Duration  of  the  trial,  120  hours. 

Producer  started  10  times. 

Fuel  used,  anthracite. 

Commercial  name,  Scranton  pea. 

FUEL 

1  Size  and  condition Pea  clean 

2  Weight  of  coal  as  fired,  lb 288.0 

3  Percentage  of  moisture  in  coal 2.92 

4  Total  weight  of  dry  coal  fired,  lb 280.0 

5  Total  ash  and  refuse,  lb 51.0 

6  Quality  of  ash  and  refuse    

7  Total  weight  of  combustible,  lb 212.0 

8  Percentage  of  ash  and  refuse  in  dry  coal,  per  cent 18.2 

ULTIMATE  ANALYSIS  OF  DRY  COAL 

9  Carbon  (O) per  cent  79.83 

10  Hydrogen  (H2) "  2.59 

11  0xygeu(02) "  2,20 

12  Nitrogen  (N) '■■....  "  82 

13  Sulphur  (S) "  1,39 

14  Ash "  13.17 

15  Moisture  in  sample  of  coal  as  received ''  2.92 

ANALYSIS  OF  DRY  ASH  AND  REFUSE 

16  Carbon,  per  cent 43.00 

17  Earthy  matter,  per  cent 57.00 

FUEL  PER  HOUR 

18  Dry  coal  fired  per  hour,  lb 2.34 

19  Combustible  consumed  per  hour,  lb 1.77 

20  Dry  coal  per  sq.  ft.  of  grate  area  per  hour,  lb. 1 .40 

21  Combustible  per  .sq  ft.  of  grate  area  per  hour,  lb 1.06 

82  Dry  coal  per  sq.  ft.  of  fuel  bed  per  hour,  lb 1.25 

23  Combustible  per  sq.  ft.  of  fuel  bed  per  hour,  lb 94 

10.     Duration  of  the  Tests. — Owing  to  the  conditions  under  which 
the  tests  were  run,  it  was  not  possible  to  make  runs  of  longer  than 
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twelve  hours'  duration.  Fortunately,  however,  it  will  be  found, 
from  the  discussion  under  the  measurement  of  the  weight  of  coal 
fired,  that  with  the  exception  of  the  very  low  capacity  tests,  runs 
of  this  length  were  sufficient  to  reduce  the  probable  error  in  de- 
termining the  weight  of  coal  fired,  to  about  two  or  three  per  cent. 
It  has  also  been  noted  that  owing  to  the  small  size  of  the  produc- 
er, tests  of  longer  duration  are  hardly  practicable.  This  is  due 
to  the  fact  that  toward  the  end  of  all  12-hr.  tests,  the  accumula- 
tion of  ash  in  the  fuel  bed  necessitated  such  thorough  cleaning 
as  to  seriously  interfere  with  the  uniformity  of  the  heating  value 
of  the  gas.  As  the  producer  is  provided  with  a  plain  bar  grate 
and  all  the  cleaning  must  be  accomplished  by  opening  the  ash 
doors,  this  particular  type  of  producer,  while  operating  with  a 
fair  degree  of  satisfaction  on  runs  of  not  greater  than  12  or  15 
hours'  duration,  would  not  be  satisfactory  for  continuous  runs  of 
longer  duration.  This  has  been  recognized  by  the  builders  and 
was  so  stated  in  their  specifications. 

As  the  object  of  these  tests  was  to  show  the  actual  operating 
efficiency  of  the  producer,  and  as  under  these  conditions  the  pro- 
ducer would  not  be  run  for  greater  than  12  continuous  hours,  the 
present  tests  have  been  made  to  conform  to  those  conditions  as 
nearly  as  possible.  The  producer  necessarily  shows  a  lower 
efficiency  under  these  conditions  than  it  would  under  continuous 
operations.  The  reason  for  this  lower  efficiency  is  the  stand-by 
losses.  These  are  composed  of  four  separate  losses,  as  has 
been  pointed  out.  One  of  these  affects  directly  the  results  of  the 
tests.  This  is  the  loss  due  to  the  radiation  and  conduction  of 
heat  from  the  fuel  bed  and  producer  during  the  stand-by  period. 
It  results  from  the  fact  that  at  the  close  of  a  run  or  test  of  12 
hours'  duration,  the  fires  are  cleaned,  and  in  cleaning,  a  large 
quantity  of  incandescent  ash  and  carbon  is  removed  from  the 
fuel  bed;  this  mass  is  replaced  by  the  green  fuel  from  above  so 
that  after  cleaning,  the  temperature  of  the  fuel  bed  is  low  and 
remains  so  until  the  starting  of  the  new  run  or  test.  The  pro- 
ducer lining,  shell  water  jacket  and  water  also  lose  heat  during 
this  stand-by  period.  On  again  starting  the  producer  at  the  be- 
ginning of  a  test,  the  fire  is  blown  until  a  gas  sufficiently  rich  for 
operation  is  produced,  and  the  test  is  then  started.  The  average 
temperature  of  the  fuel  bed  and   producer  has  not  reached  the 
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temperature  of  normal  operation.  At  the  close  of  the  test,  this 
temperature  has  been  reached,  consequently,  a  large  quantity 
of  heat  must  be  used  in  raising  the  average  temperature  of  the 
producer  at  the  begining  of  the  test  to  the  average  temperature 
at  the  close  of  the  test.  In  the  case  of  the  present  test,  the  pro- 
ducer was  not  in  operation  continuously  and  it  was  not  always 
possible  to  bank  the  fires  from  one  test  to  another,  for  this  reason. 
The  fire  in  the  producer  was  usually  started  on  an  average  of 
about  two  hours  before  the  test  began.  Gas  sufficiently  rich  for 
operating  could  be  obtained  in  about  thirty  minutes  from  the  time 
of  starting  the  fires,  the  additional  time  permitting  the  producer 
to  warm  up.  Notwithstanding  this,  however,  the  difference  be- 
tween the  average  temperature  of  the  producer  at  the  close 
and  the  average  temperature  on  the  starting  of  the  test  may  have 
been  anywhere  from  200  to  700°F.  The  magnitude  of  this  loss 
and  the  extent  to  which  it  probably  affected  the  heat  balance  of 
tests  may  be  best  illustrated  by  an  example.  Assume  that  the 
average  temperature  of  the  producer  at  the  starting  of  the  test 
is  1000°  F.,  assume  that  the  average  temperature  at  the  close  of  the 
test  is  1600 ^F.    The  difference  in  temperature  is  about  600"  F.  The 
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total  mass  in  the  present  case  represents  about  1200  lb.  If  we 
assume  the  specific  heat  to  be  .25,  the  total  heat  that  has  been 
lost  during  a  run  in  bringing  the  average  temperature  of  the 
producer  at  the  start  of  the  test  to  the  average  temperature  at 
the  close  of  the  test  is  1200  X  600  X  i  =  180  000  B.  t.  u.  On  the 
high  capacity  tests  this  loss  is  a  very  small  percentage  of  t  i  ; 
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total  heating  value  of  the  fuel,  on  the  lower  capacity  tests  it  is  a 
very  large  percentage.  Suppose  150  lb.  of  coal  are  fired  on  one 
of  the  light  load  tests.  The  heating  value  of  this  coal  is  12  500 
B.  t.  u.  per  lb.  The  total  heat  supplied  to  the  producer  is  12  500 
X  150  =  1  870  000.  The  per  cent  loss  due  to  the  above  is,  there- 
fore, rV¥o  Wo  =  9.6  per  cent.  As  this  loss  is  largely  inherent 
in  the  operation  of  the  producer,  it  was  deemed  advisable  to 
indicate  its  magnitude  and  not  eliminate  it  from  the  results  of 
the  tests. 

The  curves  of  Fig.  8  have  been  plotted  from  the  results  of  all 
tests  and  show  approximately  "how  this  loss  varies  with  the 
weight  of  combustible  gasified.  These  curves  would  also  seem 
to  indicate  that  the  radiation  and  conduction  losses  from  the  pro- 
ducer are  between  0.7  and  1  per  cent,  since  the  curves  become 
parallel  to  the  Y  axis  in  this  neighborhood. 

11.  Forms  for  Computation  and  Discussion  of  Items  of 
Table  5. — Three  forms  have  been  drawn  up  for  use  in  making 
the  computations  for  the  tests.  Table  5  is  made  according  to 
form  1,  which  is  used  for  the  presentation  of  the  results  of  the 
test;  a  olank  of  this  form  is  shown  in  the  Appendix.  Form  2 
was  made  to  include  all  items  involved  in  computation  of  the 
results  and  form  3  contains  the  derivation  and  discussion  of  the 
formulas  used.  In  working  up  the  tests,  the  average  total 
quantities  are  taken  from  the  original  log  sheets,  corrected  and 
placed  on  form  2.  The  item  number  of  form  3  refers  to  the  item 
number  of  this  form.  The  results  are  computed  in  the  order  of 
form  3  and  placed  on  form  2,  from  which  the  results  compiled  are 
placed  on  form  1.  In  order  to  find  the  formulas  used  in  computing 
any  result  given  in  Table  5,  this  result  must  be  found  on  form  2, 
and  the  item  number  corresponding  to  this  result  on  form  2  cor- 
responds to  the  item  number  of  form  3  under  which  the  form- 
ulas used  will  be  found.  For  example,  suppose  that  it  is  de- 
sired to  find  the  formulas  used  in  computing  the  cold  gas  efiiciency 
as  given  in  Table  5.  Referring  to  form  2,  Appendix,  it  will  be 
found  that  the  cold  gas  efficiency  on  this  form  appears  under 
item  155.  By  referring  now  to  item  155  of  form  3,  the  formulas 
required  will  be  found. 

One  of  the  important  considerations  in  developing  the  forms 
has  been  to  include  such  items  as  will  give  proof  of  the  accuracy 
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of  the  work,  and  that  will  point  out  the  nature  of  any  serious 
errors  that  are  always  likely  to  creep  into  experimental  work. 

The  gas  volume  has  been  determined  from  a  previously  cali- 
brated meter.  This  volume  has  been  checked  in  most  tests  by 
computing  the  volume  of  gas  from  the  weight  of  coal  consumed, 
the  analysis  of  the  coal  and  the  analysis  of  the  gases.  If  the  vol- 
ume of  gas  as  given  by  the  meter  is  not  more  than  5  per  cent 
lower  than  the  computed  volume,  it  is  assumed  that  the  gas  vol- 
ume as  determined  by  the  meter  is  correct.  If  there  is  a  greater 
variation  than  this,  the  error  may  be  either  in  the  weighing  or 
estimation  of  the  coal,  in  the  meter,  or  in  the  analysis  and  samp- 
ling of  the  gas.  If  the  heating  value  of  the  gas  as  computed 
from  the  analysis  checks  the  heating  value  as  given  by  the 
J  unker  calorimeter,  the  conclusion  is  that  the  error  is  on  the  side 
of  the  coal.  If  the  volumes  check,  and  also  the  heating  value  of 
the  gas  as  determined  from  the  analysis  and  from  the  calorime- 
ter, the  conclusions  are  that  the  only  serious  error  that  can  exist 
must  be  in  the  measurement  of  the  temperature  of  the  gases 
leaving  the  producer.  Even  this  temperature  may  be  checked 
by  computing  from  the  weight  of  scrubber  water,  item  90,  and 
from  the  rise  in  temperature  of  the  scrubber  water,  the  heat  lost 
to  this  by  the  gases  leaving  the  producer. 

The  word  combustible  has  been  used  in  these  tests  according 
to  the  definition  appearing  in  the  Appendix,  forms  2  and  3,  item  54. 
As  this  word  has  been  used  in  an  arbitrary  sense  by  a  number  of 
writers  and  also  by  the  engineering  societies,  its  definition  is 
of  considerable  importance. 

The  calorific  value  of  the  gas  is  given  under  items  104  to  105 
Table  5  and  form  1.  The  high  value  is  defined  as  the  total  heat 
given  out  by  a  cubic  foot  of  gas  at  62°  and  30  in.  of  mercury 
when  it  is  burned  in  oxygen  and  the  products  resulting  from  com- 
bustion are  brought  back  to  62°  P.  The  net  or  effective  value  is 
equal  to  the  "high"  value  minus  the  latent  heat  contained  in  the 
water  that  is  formed  by  the  combustion  of  the  hydrogen. 
It  will  be  seen  that  if  the  gas  is  used  under  such  conditions 
that  it  is  exhausted  at  a  temperature  greater  than  212°  P.,  this 
latent  heat  is  of  no  use  in  the  cycle  of  operation.  This  is 
the  case  where  the  gases  are  used  either  in  the  gas  engine 
or  for  firing  boilers.     The  low  or  effective  value  is  given  under 
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item  104a  which  is  computed  from  the  analyses  of  the  gases. 

Under  item  126  is  given  the  grate  efficiency.  Tliis  is  a  very- 
variable  quantity  and  depends  upon  the  fireman,  the  size  of  coal 
firedj  the  amount  of  ash  contained  in  the  coal  and  upon  the  num- 
ber of  times  the  fires  require  poking  and  cleaning.  With  large 
producers  and  careful  firing,  this  item  should  not  be  less  than  95 
per  cent.  With -small  producers  of  the  type  used  in  this  work  95 
per  cent  is  an  excellent  result.  With  the  coals  used  on  the  tests, 
from  80  to  90  per  cent  is  probably  a  fair  value  for  this  item. 

The  hot  gas  efficiency  based  on  the  high  heating  value  of  the 
gas  is  given  under  item  127.  This  value  varies  from  100  per  cent 
principally  by  the  percentage  of  the  radiation,  conduction  and 
unaccounted-for  loss  and  by  the  percentage  of  the  heating  value 
of  the  fuel  lost  through  the  grate.  The  hot  gas  efficiency  is  of 
no  special  importance  where  the  gases  are  used  for  power  pur- 
poses. 

The  cold  gas  eff'iciency  based  on  the  high  heating  value  of  the 
gas  appears  under  item  128,  again  under  item  128a,  based  on  the 
low  or  effective  heating  value  of  the  gas.  This  efficiency  for  both 
high  and  effective  heating  values  has  also  been  based  on  100  per  cent 
grate  efficiency  or  upon  combustible  and  is  given  in  items  128c 
and  r28d.  This  latter  value  has  been  computed  in  oi'der  to  show 
certain  relations  that  are  independent  of  the  grate  efficiency. 

12.  Under  unaccounted-for  loss  may  be  grouped  the  follow- 
ing losses. 

a.  Radiation 

b.  Conduction 

c.  Loss  due  to  tar  and  soot  and  to  the  absorption  of 

the  gases  by  the  scrubber  water. 

d.  Loss  due  to  difference  in  temperature  between  the 

initial  and  final  conditions  of  the  fuel  bed. 

e.  Minor  losses  which  may  be  either  positive  or  nega- 

tive such  as  the  loss  due  to  the  sensible  heat  in 
the  fuel  and  in  the  ash. 

f.  Experimental  errors  made  on  the  tests. 
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Part  III.  Results  of  the  Tests 

13.      General  Discussion  of  the  Tests. 

(1)  Tests  with  Philadelphia  and  Beading  Anthracite. — Tests  2 
to  8  inclusive,  Table  o,  were  run  on  Philadelphia  and  Reading 
anthracite  coal,  chestnut  size.  This  was  in  appearance  a  dirty 
anthracite,  probably  50  per  cent  of  which  would  pass  over  a  l-in. 
mesh  and  through  a  l^-in.  mesh  screen,  while  25  per  cent  would 
pass  a  1^6-in.  mesh. 

The  average  percentage  of  ash  as  taken  from  the  analysis  of 
the  dry  coal  was  approximately  15  per  cent.  Analysis  of  this  ash 
given  in  Table  5,  under  test  4,  shows  that  90  per  cent  by  weight 
was  composed  of  the  oxides  of  silicon,  iron,  and  aluminum;  the 
remaining  10  per  cent  consists  of  the  oxides  of  calcium  and  mag- 
nesium, which  in  combination  with  the  above,  are  sufficient  to 
form  a  semi-fusible,  viscous  ash  at  the  temperature  obtaining  in 
the  fuel  bed  of  the  gas  producer. 

On  the  tests  it  was  found  that  the  clinker  began  to  form  at 
very  low  temperatures,  and  by  the  time  the  temperature  of  the 
fuel  bed  rose  to  an  efficient  working  temperature,  the  formation 
of  clinker  on  the  lining  of  the  producer  was  so  rapid  as  to  inter- 
fere with  the  quality  of  the  gas.  By  the  use  of  larger  quantities 
of  steam,  or  at  lower  capacities,  it  would  doubtless  be  possible  to 
use  this  coal  in  a  producer  of  larger  size  with  satisfactory  results. 
With  a  producer  of  the  size  and  type  used  on  the  tests,  satisfactory 
operation  is  practically  impossible. 

This  series  of  tests  is  of  little  value  except  to  illustrate  the 
effect  of  a  fuel  containing  a  fusible  ash  upon  the  operation  of  a 
small  producer.  Owing  to  the  formation  of  clinker  on  the  sides 
of  the  producer,  the  fuel  bed  is  greatly  reduced  in  area,  and  there 
is  the  tendency  for  the  formation  of  holes  which  permit  the  air 
to  rush  through,  resulting  in  high  temperature  and  poor  gas. 
Owing  to  the  frequency  of  poking,  large  quantities  of  incandescent 
coal  drop  into  the  ashpit,  thus  reducing  the  grate  efficiency.  Fig. 
9  is  a  graphical  log  of  test  6. 

(2)  Tests  luith  Lehigh  Valley  Anthracite. — Tests  15  to  21  inclu- 
sive were  run  on  Lehigh  Valley  anthracite,  chestnut  size.  This 
was  extra  large  chestnut  and  clean  in  appearance.  Ninety  per 
cent  of  this  coal  would  pass  through  a  2-in.  mesh,  while  all  of  it 
would  practically  pass  over  a  li-in.  mesh.     The  average  percent- 


42 


ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


SC/rUBBEf^'    W/?rs/r'  -AGs.    ST/JA/P/?/^P  <F/?S-C</./T 
!^                  h                  ^                   \                  ^ 
1                    1                    1                    1                    1 

B.Ti/./A/<F'9S 

^                >-              *9 

<S              «>               (ft             <» 

<a       Q         «j       s 

%         %         1 

>J 

^ 

\ 

\ 

\ 

1 1  ^ 

y^ 

^ 

^ 

^ 

n 

**v 

\ 

\ 

f 

J 

9      . 

j 

N 

k. 

V 

\ 

\\ 

> 

'^ 

?  / 

/ 

1 

1 

^ 

w 

\ 

\ 

if 

I 

\ 

^ 

^ 

^ 

\ 

y 

( 

-^ 

/ 

' 

> 

i 

/ 

\ 

;;^ 

1  ^ 

\ 

\ 

t^ 

S 

i 

1 

( 

^ 

-> 

A 

^ 

\ 

I 

^ 

1 

^ 

\ 

\ 

9 

»« 

^ 

1 

1  \ 

\ 

V 

f 

% 

K" 

\ 

f*i 

\ 

iN 

\ 

<( 

- 



^ 

> 

I 

? 

^ 

1 

9    T- 

1 

N 

)> 

^, 

\ 

/ 

^. 

f 

Q>1 

v 

'? 

,--' 

'^ 

^ 

1 

\ 

% 

\, 

s, 

1 

4^ 

4^ 

^ 

/ 

1- 

^ 

< 

V 

( 

V 

^' 

y 

/ 

N 

/ 

/ 

<i 

A 

/ 

'^ 

i 

? 

,^ 

>^ 

'^ 

"^ 

■>, 

:^^ 

I 

% 

> 

N^ 

i 

i 

[ 

1: 

^ 

— 

1 

\ 

v, 

y 

'.^ 

,J 

6     ■" 

^? 

— 

^' 

j^ 

h 

, 

, 

% 

% 

/ 

/ 

\ 

■c 

s 

s 

?    ' 

1 

f) 

^ 

i 

N 

\ 

I 

s 

\ 

■:c> 

k 

1 

^,| 

r 

> 

^: 

^ 

S: 

\ 

s    ? 

\^ 

\ 

\ 

\ 

I'J 

C 

ii  i 

^ 

^ 

1 

ff, 

% 

V  n{ 

\\ 

\^ 

J 

-I    r 

1  fi 

1 

y 

s^ 

^, 

fv 

^ 

/  ^ 

1 

\ 

I  J 

1     H 
1      "5 

\ 

\ 

^ 

y 

\ 
^ 

I 

\ 

\ 

L            1 

>      ^ 

\^r 

/ 

h^ 

/ 

I 

^ 

\ 

1 

1 

\ 

^ 

rf 

rf^ 

^ 

fts 

\ 

^   'b 

\    ? 

/ 

^ 

( 

5^ 

\  ^ 

^ 

k' 

<-^ 

/ 

^ 

\ 

^ 

\     \ 

\ 

i 

N 

"V 

^ 

^ 

\ 

^ 

I 

1 

^ 

\ 

r4 

\ 

s 

jf 

T 

s. 

\J 

/ 

I 

\ 

1 

1 

1 

\ 

V 

\ 

?0 

I 

\ 

Vfa 

f/ 

r 

\ 

1 

^ 

/ 

^-"^ 

^ 

Fig.  9 
Graphical  Log   Test  No.  6 
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age  of  ash  as  taken  from  the  analysis  was  approximately  15  per 
cent. 

The  ash  taken  from  the  producer  at  the  close  of  the  tests 
was  soft  and  white  and  contained  small  pieces  of  clinker.  There 
was  practically  no  tendency  for  the  formation  of  large  clinker  arch- 
ing across  the  fuel  bed  at  the  higher  temperature. 

The  conditions  that  maintained  in  this  series  were  fairly  uni- 
form, considering  the  size  of  the  producer.  Fig.  10  and  11  show 
the  graphical  logs  for  tests  17  and  20,  respectively. 
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Graphical  Log    Test  No.  17 
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Fig.  11 
Graphical  Log     Test  No.  20 

The  average  heating  value  of  the  gas  for  all  of  the  tests  was 
110.  The  variation  of  the  heating  value  on  all  of  the  tests,  while 
probably  sufficient  to  cause  considerable  trouble  in  the  operation 
of  an  engine  driving  electric  lighting  machinery,  would  not  inter- 
fere seriously  with  the  operation  of  an  engine  where  close  regu- 
lation was  not  a  prime  consideration. 

(3)  Tests  loith  Scranton  Pea  Goal. — Tests  23  to  27,  including 
tests  31,  32  and  38  were  run  on  Scranton  pea  anthracite.  This 
coal  was  clean  in  appearance  and  like  the  other  two  coals,  con- 
tained on  an  average  about  15  per  cent  ash,  while  the  calorific 
value  corresponded  to  the  calorific  value  of  the  other  coals  and 
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was  about  12  800  B.  t.  u.  per  lb.  of  dry  coal.  It  would  all  pass 
over  a  f-in.  mesh  and  through  a  f-in.  mesh.  Analysis  of  the  ash 
is  given  under  test  23.  This  shows  it  to  be  an  ash  consisting  of 
about  96  per  cent  of  the  oxides  of  silicon,  iron  and  aluminum, 
while  the  remainder  is  made  up  of  the  oxides  of  calcium  and  mag- 
nesium, which  are  present  in  insufficient  quantities  to  make  the 
ash  readily  fusible  at  the  temperature  maintaining  in  the  fuel  bed. 
The  ash  as  taken  from  the  fuel  bed  was  soft  and  fine,  mixed 
with  small  pieces  of  clinker.  There  was  very  little  tendency  to- 
ward arching  and  the  tests  were  the  most  satisfactory  of  the 
series.     The  conditions  were  as  uniform  as  could  be  expected, 
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Fig.  12 
Graphical  Log    Test  No.  25 
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and  the  efficiency  reasonably  high.     Fig.  12, 13,  and  14  are  graph- 
ical logs  from  the  tests  of  this  coal. 
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Fig.  13 
Graphical  Log     Test  No.  ;U 

Fig.  13  shows  the  results  of  test  31,  which  was  a  variable 
load  test  run  for  the  purpose  of  showing  the  effect  of  suddenly 
varying  the  rate  of  gasification.  For  the  first  three  hours  of  the 
test,  the  producer  was  operated  at  the  rate  of  about  3300  cu.  ft.  of 
gas  per  hour;  for  the  next  three  hours  at  the  rate  of  1155  cu.  ft.; 
for  the  third  3-hr.  period  at  4500  cu.  ft. ;  and  for  the  last  3-hr. 
period  at  a  rate  about  2200  cu.  ft. 

(4)    Tests  with  Gas  House  Coke. — Tests  28,  29,  and  30  were  run  on 
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Fig.  14 
Graphical  Log    Test  No.  32 

gas  house  coke  containing  about  14  per  cent  ash.  The  appearance 
was  dirty  and  the  size  ver^^  irregular.  Thirty  per  cent  of  this 
would  doubtless  pass  a  T%in.  mesh,  50  per  cent  a  2-in.  mesh,  while 
the  remainder  would  pass  a  4-in.  mesh. 

There  was  some  trouble  due  to  the  formation  of  clinker,  and 
considerable  trouble  caused  by  a  tendency  of  the  coke  to  pack  in 
the  hopper,  thus  preventing  its  descent  into  the  fuel  bed.  In 
spite  of  this,  the  conditions  that  maintained  on  the  tests  were 
fairly  uniform,  and  it  is  believed  that  very  little  difficulty  would 
be  experienced  in  using  a  coke  of  uniform  size  and  quality  in  this 
type  of  producer.  Fig.  15  is  a  graphical  log  plotted  from  the  re- 
sults of  test  30. 
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Fig.  15 
Graphical,  Log    Test  No. 
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(5.)  Test  No.  IJf.. — Test  14  was  a  special  test  run  on  the  Phil- 
adelphia and  Reading  coal  to  determine  if  the  ash  in  this  coal 
could  not  be  made  sufficiently  fusible  to  run  from  the  fuel  bed. 
This  test  will  be  discussed  under  the  formation  of  clinker. 

14.  Percentage  of  CO-j. — The  percentage  of  C0.>  in  the  gas  is 
ordinarily  considered  to  be  a  measure  of  the  efficiency  of  a  producer, 
low  percentages  indicating  high  efficiency  while  high  percentages 
indicate  the  reverse  in  efficiency.  This  is  to  a  certain  extent  true 
in  most  producer  practice,  but  it  is  not  necessarily  so,  as  the  fol- 
lowing will  illustrate.  If  the  heat  resulting  from  the  formation 
of  CO.,  is  utilized  in  the  decomposition  of  the  vapor  of  water  for 
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the  production  of  H.,,  which  enriches  the  gas,  then  no  appreciable 
loss  results.  If,  however,  the  CO..  results  through  poor  operat- 
ing methods,  such  as  insufficient  or  improper  poking,  resulting 
in  holes  in  the  fuel  bed  and  thus  permitting  the  air  to  rush  through, 
then  the  presence  of  a  high  percentage  of  COo  is  indicative  of  a 
low  efficiency,  and  this  condition  will  manifest  itself  in  excessive- 
ly high  temperatures  of  the  leaving  gases. 

This  latter  condition  is  illustrated  by  the  results  of  all  the 
tests  on  the  Philadelphia  and  Reading  coal  (see  Table  5).  The 
temperatures  of  the  gases  leaving  the  producer,  item  39,  are  ex- 
cessive, the  CO.j  item  117,  is  high,  while  the  efticiencies,  items  126- 
128d,  are  low. 

The  former  condition,  in  which  both  the  CO.,  and  the  effi 
ciency  are  high,  is  illustrated  by  the  tests  on  the  Lehigh  and 
Scranton  coals.  The  principal  results  of  test  23,  which  have 
been  placed  in  Table  6  for  convenience  in  discussing,  illustrate 
this  condition.  The  per  cent  of  CO.,  in  the  gas  in  this  test  averaged 
10.15.  The  temperature  was,  however,  low,  800°F.,  and  the 
efficiency  high,  thus  showing  that  the  fuel  bed  was  in  good  con- 
dition but  at  so  low  a  temperature,  due  to  the  use  of  a  large 
amount  of  steam  in  the  air  fed  to  the  producer,  as  to  produce  a 
predominance  of  the  reaction  3  which  has  been  discussed  in  page 
6  of  the  theory.  Test  2i,  also  placed  in  Table  6,  shows  practically 
the  same  efficiency  but  with  4. 04  ^o  CO2  in  the  gas.  This  is  due  to  a 
high  temperature  in  the  fuel  bed  which  tends  to  cause  reaction  4  to 
predominate,  resulting  in  a  high  percentage  of  CO,  practically 
the  same  temperature  of  the  leaving  gases  as  was  obtained  in 
test  23,  and  practically  the  same  efficiency. 
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The  curves  of  Pig.  16,  17,  18,  and  19  also  show  that  the  per 
cent  of  CO2  has  very  little  effect  upon  the  efficiency  of  the  pro- 
ducer. The  theoretical  efficiency  curve  showing  the  efficiency  for 
different  percentages  of  CO.,  on  the  assumption  that  the  heat 
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CO2— Efficiency  Curves  for  Phila.  and  Reading  Coal 
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CO2— Efficiency  Curves  for    Lehigh  Valley  Coal 

liberated  through  the  formation  of  the  COo  is  lost  in  sensible  heat, 
has  been  drawn  and  is  shown  in  Fig.  19.  The  difference  between 
the  actual  curves  and  the  theoretical  curve  is  a  measure  of  the 
amount  of  heat  conserved  through  the  decomposition  of  water 
vapor. 

The  efficiency  curves  on  this  figure  have  been  affected  by  the 
unaccounted-for  loss  which  has  been  discussed  on  page  37,  and 
has  resulted  in  lowering  the  points  in  the  low  capacity  tests  to 
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such  an  extent  as  to  make  these  curves  concave  to  the  axis. 

The  curves  of  Fig.  18  are  also  affected  by  the  unaccounted  for 
loss,  but  in  this  case  the  gas  from  the  low  capacity  tests  ran  high  in 
CO2,  owing  to  the  use  of  a  large  quantity  of  steam,  which  resulted 
in  causing  the  curves  to  drop  off  at  the  high  percentage  of  CO2 
faster  than  they  otherwise  would. 

The  curves  of  Pig.  16,  showing  the  relation  between  the  effi- 
ciency and  the  carbon  ratio,  or  the  ratio  of  the  weight  of  carbon 
to  the  weight  of  hydrogen  in  the  producer  gas,  illustrate  the 
point  under  discussion,  showing  that  the  efficiency  of  the  producer 
is  practically  independent  of  the  amount  of  hydrogen  in  the  gas, 
consequently,  of  the  per  cent  of  COo  in  the  gas.  Pig.  20  shows 
how  the  per  cent  of  CO.,  in  the  gas  depends  upon  the  weight  of 
water  decomposed  per  pound  of  combustible. 
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CO2 — Efficiency  Curves  for  Scranton  Pea  Coal, 

15.  The  Effect  0/  the  Size  of  the  Fuel. — The  determination  of  the 
effect  of  the  size  of  the  fuel  upon  the  composition  of  producer  gas 
and  also  upon  the  efficiency  of  the  product  is  complicated  by  the 
difference  in  operating  conditions  that  may  not  be  recognized  and 
upon  the  difference  in  the  surface  effect  of  the  incandescent  fuel 
upon,  first,  the  reactions  of  oxygen  and  hydrogen  and  later  on 
the  reaction  of  CO2  on  this  fuel.     The  exact  nature  of  the  surface 
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effect,  which  is  called  "catalytic  action",  and  under  which  a  number 
of  different  effects  are  grouped,  is  very  little  understood  at  the 
present  time.  It  probably  results  from  chemical  reaction  on  the 
surface  of  solids  in  contact  with  gases,  which  depend  upon  the 
state  or  form  of  the  solid,  such  as  charcoal,  lampblack,  coke  or 
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Fig.  20 


anthracite  coal,  and  in  the  case  of  these  fuels  upon  any  impurities 
contained  in  them.  The  result  of  catalysis  is  to  hasten  any  reac- 
tion that  may  be  taking  place  between  the  solids  and  the  gases  in 
contact  with  them,  or  between  the  gases  themselves.  It  is  be- 
lieved, however,  that  the  ultimate  extent  or  that  the  equilibrium 
of  the  reaction  is  not  affected. 

It  is  probable  that  the  difference  in  the  catalytic  action  of 
different  fuels,  such  as  were  enumerated  above,  may  be  very  great. 
It  is  also  probable  that  this  effect  is  not  so  great  between  the  same 
types  of  fuel,  as,  for  example,  between  two  grades  of  anthracite, 
or  between  two  grades  of  coke.  The  ash  in  the  fuel,  as  above 
noted,  may  also  have  a  decided  effect  upon  this  action. 

The  difference  in  the  catalytic  action  of  charcoal,  coke  and 
anthracite  is  illustrated  by  Fig.  21,  22,  and  23,  which  are  taken 
from  Dr.  Clement's  work,  "On  the  Rate  of  Formation  of  CO  in 
Gas  Producers".^  The  results  were  obtained  by  passing  00-2  over 
charcoal,  coke,  and  anthracite  coal,  respectively.  In  each  case 
the  material  was  ground  to  a  certain  size,  aboutO.2  in.  on  the  side, 
and  placed  in  a  porcelain  tube  that  could  be  maintained  at  different 
temperatures  by  means  of  an  electric  current,  traversing  a  wind- 
ing of  nickel  wire  placed  around  the  tube.  The  velocity  of  the 
gas,  the  per  cent  of  CO  formed,  and  the  temperature  of  the  tube 

iiTuU.    No.  30,  Ensr.  Exp.  Sta.,  J.  K-  Clement,  L.  H.  Adams  andC.  N.  Haskins. 
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were  the  variables.  Fig.  21  shows  the  relation  for  charcoal  be- 
tween the  per  cent  of  CO  formed  and  the  velocity  of  the  gas 
through  the  tube.  Fig.  22  and  23  show  the  results  for  coke  and 
anthracite  coal,  respectively.  The  velocity,  which  is  the  recipro- 
cal of  the  time  of  contact,  is  expressed  in  feet  per  second. 
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It  will  be  seen  from  these  figures  that  the  percentage  of  CO 
formed  by  the  reaction  CO2  +  C  =  2  CO,  depends  upon  the  tem- 
perature, upon  the  velocity  or  the  reciprocal  of  the  time  of  contact 
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of  gases  with  fuel,  as  it  has  been  expressed  on  the  figures,  and 
upon  the  catalytic  action  of  the  fuel.  This  latter  effect  is  shown 
by  the  difference  in  the  per  cent  of  CO  formed  at  the  same  tem- 
perature and  under  the  same  velocity  for  the  different  fuels  used 
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in  the  experiments.  For  charcoal,  Pig.  21,  the  per  cent  CO  for  a 
velocity  of  1  ft.  per  second  and  a  temperature  of  1100°  C. ,  is  85 
per  cent,  for  coke  and  anthracite  the  percentages  under  the  same 
condition,  (Pig.  22  and  23)  are  9  and  11  respectively.  Poratem- 
perature  of  1300°  C.  and  a  velocity  of  1  ft.  per  second  the  percent- 
ages of  CO  formed  are  100,  71,  and  45  for  the  above  fuels. 

Tests  18,  19,  24  and  25  have  been  selected  as  representing 
most  decidedly  the  effect  of  the  size  of  the  fuel  upon  the  results 
of  the  performance  of  the  producer. 

Tests  19  and  24  were  run  under  practically  the  same  operating 
conditions,  the  only  known  variable  being  the  size  of  the  fuel, 
catalytic  action  excepted.  Tests  18  and  25  were  also  run  under 
essentially  the  same  conditions  of  operation,  with  the  size  of 
the  fuel  constituting  the  only  known  variable.  The  principal 
results  of  the  tests  have  for  convenience  been  transferred  from 
Table  5  to  Table  6. 
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TABLE  6 


1 

Test  No 

19 

24 

18 

25 

23 

o 

Fuel 

Lehigh 
2730 

Scranton 
2941 

Lehigh 

iVs 

4545 

Scranton 
4795 

Scranton 

3 

Size  of  fuel,  mean  diameter  in  in 

Capacity  in  cu .  ft.  per  hr 

2980 

4 

Water  decomposed  per    lb.  of    combust- 
ible  

.429 

.358 

.446 

.355 

.689 

5 

Ratio  of  water  decomposed  to  water  supply 

.323 

.429 

.408 

.639 

.402 

6 

Per  cent  CO'2  in  the  gas 

9.4 

4.04 

9,44 

4.2 

10.15 

., 

9.3    . 
17.43 

10.80 
27.3 

8.95 
17  13 

10.40 
27.01 

16.96 

8 

Per  cent  CO  in  the  gas 

17.39 

9 

B.t.u.  percu.  ft.  (High) 

(Low  or  effective  1 

106.9 
101 

138.2 
131.6 

101.5 
96.0 

138.1 
131.7 

128.8 
119.4 

10 

Cold  gas  effl.ieney  ba-ied  on  100  per  cent 
(Effective  t           

66.9 
63.3 

19.3 
11.6 

970 
2200 

77  2 
73.5 

12.7 
9.4 

809 

72.7 
68.6 

22.7 
2.1 

1201 
2300 

79  9 

70.3 

14.8 
4.4 

1108 
2300 

75.4 

69.x 

11 

Percent  loss  in  sensible  heat  and  in  mois- 
ture          

15.3 

1" 

6.9 

13 

Temperature  of  gases  leaving  the  producer 
°F 

800 

14 

Temperature  in  the  fuel  bed  °F.  average.. 

1740 

15 

Equivalent  velocity  of  gas.  feet  per  second 

8.7 

3.14 

14.46 

5.12 

2 

It  will  be  seen  from  this  table  that  the  per  cent  of  CO..,  for  tests 
on  the  Lehigh  chestnut  is  about  9  4  per  cent,  while  the  per  cent 
00-2  for  the  tests  on  the  Scranton  pea  is  about  4  per  cent.  The 
heating  value  of  the  gas  is  low  in  the  former  tests,  as  is  also  the 
efficiency,  while  the  temperature  is  a  little  high.  The  relative  per- 
centage of  CO.,  in  the  gas  in  the  case  of  these  tests  is  therefore  to 
a  certain  extent  a  measure  of  efficiency  of  the  producer. 

The  difference  in  the  percentage  of  CO2  appearing  in  the  gas 
from  the  two  coals  in  the  tests  under  consideration  may  be  due  to 
two  causes,  viz.,  (a)  the  difference  in  the  catalytic  action  of  the 
two  fuels,  as  above  discussed,  and  (b)  the  difference  in  the  size  of 
the  fuel.  In  the  case  of  the  Scranton  pea  which,  as  has  been 
notpd,  would  pass  a  l-in.  mesh,  the  amount  of  catalytic  surface 
exposed  to  the  action  of  the  gases  is  much  greater  than  the  sur 
face  exposed  in  the  case  of  the  Lehigh  coal,  which  will  pass  over 
a  li-in.  mesh  and  through  a  2-in.  mesh.  The  following  will  illus- 
trate this.     The  mean  diameter  of  the  Scranton  coal  may  be  taken 
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as  i  in.,  the  mean  diameter  of  the  Lehigh  coal  may  be  taken  as 
li  in.;  since  the  number  of  pieces  contained  in  a  given  volumfe  is 
inversely  as  the  cube  of  the  mean  diameter,  and  since  the  surface 
of  each  piece  is  directly  as  the  square  of  the  mean  diameter,  the 
ratio  of  the  total  surfaces  exposed  in  the  fuel  bed  of  the  producer 
will  be  as  3  and  1  for  the  Scranton  and  Lehigh  coals,  re- 
spectively. 

Theoretically,  the  size  of  the  fuel  will  have  no  effect  upon  the 
velocity  of  the  gas  through  the  fuel  bed  for  the  same  rate  of  gas- 
ification. This  is  due  to  the  fact  that  the  number  of  pieces  of  coal 
required  to  fill  the  producer  varies  inversely  as  the  cube  of  the 
mean  diameter  of  the  pieces,  while  the  volume  of  each  separate 
piece  varies  directly  as  the  cube  of  the  mean  diameter,  the  volume 
of  the  coal  present,  and  the  volume  of  voids;  consequently,  the 
velocity  of  the  gas  through  the  fuel  bed  is  independent  of  the  size 
of  the  fuel. 

That  the  voids  are,  in  the  case  of  the  two  coals,  practically  of 
the  same  volume,  has  been  determined  by  water  displacement. 
The  volume  of  voids,  in  the  case  of  the  Scranton  coal,  was  found  to 
be  46  per  cent  of  the  volume  occupied  by  the  coal  and  43  per  cent 
for  the  Lehigh.  The  velocity  of  the  gases  through  the  fuel  bed  is 
therefore  practically  the  same  for  the  two  coals  for  the  same  tem- 
perature and  rate  of  gasification.  The  amount  of  draft  required 
to  drive  the  gases  through  the  bed  will,  however,  be  different,  ow- 
ing to  the  increased  frictional  resistance  due  to  the  smaller  voids 
in  the  Scranton  coal. 

The  purely  mechanical  effect  of  the  increase  in  the  size  of  the 
fuel  will  be,  from  the  above,  if  the  volume  of  the  fuel  bed  remain 
constant,  to  decrease  the  area  of  surface  exposed  to  the  gases,  to 
decrease  the  number  of  pieces  of  coal  in  the  path  of  the  gases,  and 
to  decrease  the  drop  in  the  pressure  of  the  gases  through  the  fuel 
bed. 

The  decrease  in  the  drop  in  pressure  may  be  assumed  to  have 
no  effect  upon  the  composition  of  the  escaping  gases  within  wide 
limits.  The  extent  of  the  effect  of  decreasing  the  area  of  the 
catalytic  surface  exposed  to  the  gases  and  of  decreasing  the  num- 
ber of  pieces  of  coal  in  the  path  of  the  gases  upon  the  composition 
of  the  producer  gas  generated  and  upon  the  reaction  within  the 
fuel  bed  is  unknown.  Dr.  Clement's  work  shows  the  effectof  the 
velocity  of  the  gases  upon  the  reaction  of  CO2  with  incandescent 
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carbon.  Our  tests  No.  24  and  25,  Table  6,  on  the  Scranton  coal, 
seem  to  show  the  effect  of  the  velocity  of  the  gases  on  the  perfor- 
mance of  the  producer,  tests  18  and  19  also  show  the  same.  It 
will  be  noted  from  the  above  that  the  increase  in  the  rate  of  gas- 
ification of  about  100  per  cent  has  not  resulted  in  any  marked 
change  either  in  the  composition,  or  the  heating  value  of  the  gases 
in  the  case  of  tests  24  and  25.  Tests  18  and  19  on  the  Lehigh  coal 
show  a  slightly  greater  difference,  and  it  is  believed  this  is  due 
to  the  lesser  catalytic  surface  which  results  in  a  shorter  time 
of  contact  of  gases  with  fuel.  Prom  these  tests  and  the  curves  of 
Fig.  21,  22  and  23,  and  beyond  the  velocity  of  1  ft.  per  second  (the 
curves  are  drawn  only  to  this  velocity)  which  corresponds  to  the 
velocity  of  the  gases  obtaining  in  the  fuel  bed  of  the  producer,  it 
will  be  seen  that  the  effect  of  the  velocity  on  the  reaction  of  CO2 
on  carbon  is  small. 

As  before  pointed  out,  the  difference  in  the  velocity  of  gases 
through  the  fuel  bed  for  the  same  rates  of  gasification  for  the  two 
fuels,  if  any,  must  be  small.  The  great  difference  in  the  COo  or 
in  the  composition  of  the  gases  from  the  two  fuels  for  the  same 
rates  of  gasification  as  above  noted,  must  therefore  be  due  to  one 
or  more  of  the  following  causes:  (1)  to  the  greater  catalytic  surface 
exposed  to  the  gases  as  in  the  case  of  the  Scranton  coal;  (2)  to 
the  greater  number  of  CO2  molecules  coming  in  contact  with  the 
coal, due  to  the  greater  number  of  pieces;  (3)  to  the  smaller  size  of 
the  voids  in  this  coal  which  would  tend  to  cause  a  more  intimate 
mixture  of  gases  with  the  coal;  or  (4)  to  a  greater  catalytic  effect. 
It  has  been  remarked  that  it  is  probable  that  the  difference  in 
catalytic  action  between  two  grades  of  anthracite  coal  is  small. 
We  w^ill  therefore  assume  that  the  difference  in  composition  of  the 
gases  from  the  two  fuels  under  discussion,  when  the  rates  of  gasifi- 
cation and  operating  conditions  are  the  same,  is  due  to  the  differ- 
ence in  the  amount  of  surface  exposed  to  the  action  of  the  gases 
or  to  the  difference  in  the  number  of  pieces  of  coal  in  the  path  of 
the  gases  or  to  a  combination  of  the  two,  or,  in  other  words,  to 
the  effect  of  the  size  of  the  fuel. 

The  above  conclusion  is  also  supported  by  operating  experi- 
ence. Shallow  fuel  beds,  which  are  equivalent  to  the  use  of  large 
fuel,  or  small  catalytic  surface,  produce  high  CO2,  high  tempera- 
ture of  gases  and  low  CO.  The  tests  18  and  19  show  these  condi- 
tions.    The  efficiency  does  not  drop  off,  consequently  the  tempera- 
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ture  of  the  gas  is  not  high;  for  the  excessive  heat  liVjerated,  as 
evinced  by  the  high  CO..,,  is  utilized  in  the  production  of  hydrogen. 
16.  The  Effect  of  Capacity. — The  effect  of  capacity,  or  of  the 
rate  of  gasification  upon  the  efficiency  of  tlie  producer,  when  op- 
erating with  tlie  different  fuels,  is  illustrated  by  Fig.  24,  25  and 
26. 
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Capacity— Efficiency  Curves  for  Philadelphia  and  Reading  Coal 
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Fig.  25 
Capacity— Efficiency  Curves  For  Lehigh  Valley  Coal 

As  there  were  only  three  tests  for  the  gas  house  coke,  no 
curves  have  been  plotted  from  these  tests.  For  each  of  the  other 
fuels,  three  curves  have  been  plotted,  one  for  the  actual  efficiency 
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based  on  high  heating  value  of  the  gas,  one  for  the  efficiency  based 
on  100  per  cent  grate  efficiency,  or,  which  is  the  same,  based  on 
combustible  and  upon  the  high  heating  value  of  the  gas,  and  a 
third  based  on  combustible  and  the  low  heating  value  of  the  gas. 
This  latter  curve  is  shown  dotted  on  the  figures. 

Fig.  24  shows  the  curves  for  the  Philadelphia  and  Reading 
coal.  The  curve  for  the  actual  efficiency  drops  off  at  the  higher 
capacities.  This  is  principally  due  to  the  more  rapid  formation 
of  clinker,  as  the  capacity  and  the  temperature  increase,  which  re- 
sults in  the  necessity  for  more  frequent  poking,  consequently,  a 
much  higher  grate  loss.  The  curve  for  efficiency  based  on  100 
per  cent  grate  efficiency  and  the  high  heating  value  of  the  gas  drops 
off  slightly.  The  curve  based  on  100  per  cent  grate  efficiency  and 
upon  low  heating  value  is  practically  a  straight  line. 

The  curves  of  Fig.  25  show  the  results  for  the  Lehigh  Valley 
coal.  The  drop  in  the  curve  for  the  lower  capacities  is  partially  due 
to  the  sensible  heat  lost  to  the  producer  walls  and  fuel  bed,  on  ac- 
count of  the  lower  temperature  of  the  fuel  bed  at  the  start  of  the  test. 
This  has  been  pointed  out  in  the  discussion  of  the  unaccounted- 
for  losses.  If  a  correction  were  made  for  this  unaccounted  for 
loss,  the  curves  would  approach  a  straight  line.  The  drop  at  the 
other  end  of  the  curve  is  largely  due  to  the  effect  of  the 
velocity  of  the  gases  through  the  fuel  bed,  or  to  the  shorter  time 
of  contact  of  gases  with  fuel  owing  to  the  larger  size  of  this  fuel. 
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The  curves  for  the  Scranton  pea  coal,  Pig.  26,  show  very  lit- 
tle tendency  to  drop  off  at  the  highest  capacity.  This,  it  is  be- 
lieved, is  explained  by  the  small  size  of  the  fuel,  consequently, 
by  the  larger  area  of  fuel  surface  exposed  to  the  gases. 

The  rapid  falling  off  of  the  actual  efficiency  curve  on  these 
tests  is  due  to  the  sensible  heat  lost  to  the  producer  walls  and 
fuel  bed  as  previously  noted,  and  also  to  the  fact  that  in  the  case 
of  the  Lehigh  and  Scranton  coals,  which  had  no  tendency  to 
clinker,  that  the  weight  of  ash  and  refuse  tended  to  remain  con- 
stant and  was  independent  of  the  capacity.  As  the  composition  of 
the  ash  and  refuse  remained  constant,  the  actual  grate  loss  tended 
to  remain  constant,  which  would,  therefore,  cause  the  actual 
efficiency  at  light  loads  to  drop  off.  The  curve  based  on  100  per 
cent  grate  efficiency  is  practically  a  straight  line  slanting  toward 
the  low  capacities;  this  slant  is  also  due  to  the  sensible  heat  lost 
to  the  walls  and  the  fuel  bed  of  the  producer. 

The  results  of  Table  6  bear  out  the  conclusion  drawn  from 
the  curve  as  to  the  effect  of  capacity.  These  results  together 
show  that  capacity,  or  the  rate  of  gasification,  within  very  wide  lim- 
its has  little  effect  upon  either  the  efficiency,  the  composition  of  the 
gas,  or  upon  the  heating  value,  so  long  as  the  steam  supplied  to 
the  producer  is  so  regulated  as  to  maintain  the  same  temperature 
within  the  fuel  bed. 

17.  Goal  Per  Square  Foot  of  Grate  Area — The  weight  of  coal 
gasified  per  square  foot  of  grate  area  is  related  directly  to  the 
rate  of  gasification  and  depends  upon  this.  Owing  to  the  general 
use  of  the  term  and  to  the  interest  attached  thereto  by  engineers, 
it  probably  merits  a  separate  discussion. 

It  will  be  seen  from  Table  5,  item  66,  that  this  quantity  varies 
in  the  tests  on  the  Lehigh  and  Scranton  coals  from  7.67  lb.  per 
hour,  in  the  case  of  test  21,  to  49.8  lb.  in  the  case  of  test  17. 
Within  this  range,  the  producer  has  been  operated  with  satis- 
factory results. 

Anthracite  producers  in  this  country  are  rated  on  a  basis  of 
from  10  to  15  lb.  of  coal  per  sq.  ft.  of  grate  area  per  hour  by  the 
manufacturers.  In  European  practice,  the  rating  Is  from  20to30 
lb.  of  coil  per  square  foot  of  grate  area.  This  difference  in  rat- 
ing is  doubtless  due  to  the  difference  in  the  fuels  used  in  the  two 
counti'ies. 

From  the  results  of  the  present  tests,   it  must  be  concluded 
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that  the  coal  gasified  per  square  foot  of  grate  area  depends  almost 
entirely  upon  the  nature  of  the  coal.  Were  it  not  for  practical  con- 
siderations there  seems  to  be  no  reason  why  the  coal  gasified 
should  depend  upon  any  condition  other  than  the  depth  of  the 
fuel  bed.  Prom  the  works  of  Dr.  Clement  previously  referred  to, 
and  of  Boudouard  and  others,  it  will  be  seen  that  a  ceitain  length  of 
time  is  required  for  the  completion  of  the  reaction  within  the  fuel 
bed  of  the  producer,  also  that  the  time  required  for  their  comple- 
tion depends  upon  the  temperature  and  upon  the  catalytic  action 
of  the  fuel.  Consequently,  in  order  to  attain  high  rates  of  gasifica- 
tion, it  is  necessary  that  the  fuel  bed  be  increased  in  depth  in  or- 
der that  the  proper  time  of  contact  of  gases  with  fuel  obtains. 

In  the  actual  operation  of  the  producer  with  a  given  deptli  of 
fuel  bed,  the  coal  gasified  per  square  foot  of  grate  area  depends 
upon  the  amount  of  ash,  the  nature  of  the  coal,  and  upon  the  cat- 
alytic action  of  the  fuel. 

The  larger  the  percentage  of  ash  in  the  fuel,  the  more  fre- 
quently the  producer  requires  cleaning,  so  that  with  high  rates 
of  gasification  the  removal  of  the  ash  alone  would  place  a  limit. 
The  nature  of  the  ash,  that  is,  the  temperature  of  fusing,  also 
places  a  limit  for  a  given  depth  of  fuel  bed.  An  ash  fusing  at  a 
low  temperature  requires  a  low  temperature  within  the  fuel  bed  of 
the  producer.  This  results  in  requiring  a  longer  time  of  contact 
of  gases  with  fuel  in.  order  that  the  reaction  within  the  fuel 
bed  may  be  completed.  A  fuel  with  slow  catalytic  action  pro- 
duces the  same  result. 

Since,  from  the  above,  the  coal  gasified  per  square  foot  of 
grate  area  depends  upon  the  depth  of  the  fuel  bed,  we  have  used 
the  expression  "rate  of  descent  of  dry  coal  through  the  fuel  bed" 
or  "  coal  burned  per  cubic  foot  of  fuel  bed",  to  express  the  per- 
formance of  a  producer  in  addition  to  the  expression  under  dis- 
cussion. 

18.  Clinker. — The  formation  of  clinker  is  due  to  the  presence 
of  incombustible  matter  in  the  ash  which  fuses  at  the  temperature 
maintaining  in  the  fuel  bed  of  the  producer.  There  are  two  ways 
of  dealing  with  this,  the  more  practical  one  being  the  operation 
at  such  capacities  and  with  such  an  amount  of  water,  or  COo,  in 
the  case  of  the  carbon  monoxide  producer,  as  to  keep  the  tempera- 
ture below  that  of  the  fusing  point  of  the  earthy  matter  contained 
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in  the  fuel.  In  doing  tliis,  tlie  efficiency  of  tlie  producer  will  be 
somewhat  lowered,  as  the  reaction  of  00-2  on  carbon  will  be  greatly- 
lessened,  and  large  quantities  of  steam  must  be  used  to  keep  the 
temperature  down,  through  the  formation  of  hydrogen  and  the 
heating  of  the  moisture  that  escapes  decomposition.  The  heating 
of  this  moisture  results  in  the  lowei-ing  of  the  efficiency  of  the 
producer.      The  curves  of  Pig.  27,   28  and   29  indicate  that  the 
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efficiency  of  the  producer  tends  to  increase  with  the  higher  tem- 
peratures of  operation.  This  increase,  however,  is  comparatively 
small  within  certain  limits  and  since  reliability  of  operation  is  the 
desideratum,  and  not  necessarily  efficiency,  the  obvious  means  of 
decreasing  the  irregularities  due  to  the  formation  of  clinker  is  by 
operating  at  lower  temperatures. 

It  is  possible  that  fuels  may  be  found  in  which  the  formation 
of  clinker  begins  at  a  temperature  so  low  as  to  prevent  the  reactions 
within  the  producer  taking  place.  This  is,  however,  not  probable. 
The  water  vapor  in  practically  every  case  tends  to  disintegrate 
both  fuel  and  clinker.  If  an  excess  is  used,  it  will  tend  to  cause 
the  fuel  bed  to  become  mushy  and  will  result  in  poor  gas,  and  a 
shut  down  if  engines  are  operating  on  the  gas. 

A  second  method  of  dealing  with  a  coal  containing  a  fusible 
ash  is  to  add  a  flux  in  the  form  of  a  limestone  or  other  cheap  ma- 
terial w^hich  will  render  the  clinker  so  fusible  as  to  cause  it  to  run 
from  the  fuel  bed  of  the  producer.  Test  14  on  the  Philadelphia 
and  Reading  coal  was  run  in  this  manner.  It  was  determined 
from  an  analysis  of  the  ash  that  about  60  lb.  of  limestone  (CaCOg) 
would  be  required  per  100  lb.  of  coal  in  order  to  form  a  highly 
fluid  clinker.  The  fuel  charged  on  this  test  was,  therefore,  mixed 
with  limestone  in  the  ratio  of  100  lb.  of  coal  to  60  lb.  of  limestone. 
As  the  limestone  when  heated  gives  out  44  per  cent  of  its  weight 
in  CO.).  this  COo  takes  the  place  of  the  water  vapor  and  keeps  the 
temperature  down  through  the  CO.,,  reacting  on  the  C  to  form  CO. 

The  efficiency  of  the  test  is  low,  due  partly  to  the  absorption 
of  heat  in  driving  off  the  COo  from  the  limestone,  but  largely  to  the 
loss  through  the  difference  in  temperature  of  the  fuel  bed  at  the 
start  and  close  of  the  test.  The  graphical  log  sheet,  Fig.  30, 
shows  the  uniformity  of  conditions  that  maintained.  The  fuel  bed 
required  practically  no  poking  during  the  test,  as  the  clinker  fused 
with  the  limestone  and  trickled  into  the  ash  pit.  At  the  close  of 
the  test,  however,  when  the  fire  doors  were  opened  for  cleaning, 
the  entire  fuel  bed  "froze",  and  had  to  be  broken  up  at  the  expense 
of  considerable  time  and  labor. 

The  above  method  is  mentioned  simply  as  a  matter  of  interest, 
and  indicates  a  possible  though  hardly  practical  means  of  dealing 
with  clinker. 

19.      Weight  of  Water  Required  for  the  Producer. — The  weight  of 
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water  required  by  the  producer  depends  very  largely  on  the  fuel 
that  is  being  used,  and  to  a  certain  extent  upon  the  proportions 
of  the  producer. 

With   a   fuel  that  has  no  tendency  to  clinker,  the  highest 
efficiency  will  be  obtained  by  using  such  an  amount  of  water  as 
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to  result  in  between  2  and  4  per  cent  CO.,  in  the  gas  leaving  the 
producer.  This  of  course,  requires  a  deep  fuel  bed  and  a  high 
temperature  within  the  decomposition  zone  to  insure  the  comple- 
tion of  the  CO  reaction.  It  is  a  condition  of  operation  that  can 
scarcely  be  obtained  in  a  producer  as  small  as  the  one  that  has 
been  used  on  the  present  tests,  for  the  reason  that  while  there 
may  be  no  formation  of  clinker,  there  will  be,  owing  to  the  small 
diameter  of  the  fuel  bed,  a  tendency  for  the  fuel  to  pack,  which 
will  necessitate  poking  from  time  to  time  in  order  to  insure  the 
proper  descent  of  the  fuel. 

This  packing  or  arching  of  the  fuel,  as  it  decreases  the  time 
of  contact  of  gases  with  fuel,  results  in  increasing  the  percentage 
of  CO,,  and  raising  the  temperature  of  the  gases,  which  tends  to 
lower  the  efficiency.  If  the  producer  had  been  provided  with 
some  form  of  shaking  grate,  which  is  quite  possible  in  pro- 
ducers of  this  size,  the  efficiency  would  have  been  increased 
several  per  cent  and  the  uniformity  of  operation  increased  much 
more. 

In  the  case  of  fuels  containing  an  ash  fusing  at  temperatures 
close  to  2200°  P.,  it  will  be  necessary  to  use  sufficient  water  to 
lower  the  temperature  of  the  fuel  bed  below  that  temperature  at 
which  the  formation  of  clinker  begins.  This  may  result  in  a 
slightly  lower  efficiency  of  operation,  but  as  it  is  usual  that  such 
operation  is  necessitated  through  the  use  of  a  poor,  consequently 
a  cheap  fuel,  the  efficiency  is  of  less  importance  than  the  relia- 
bility of  operation.  In  the  case  of  such  operation,  the  hydrogen 
in  the  gas  will  be  high,  the  CO2  high  and  the  CO  low. 

Test  23  of  Table  6  as  compared  with  Test  No.  24  shows  the 
effect  of  operating  with  a  large  quantity  of  moisture,  on  the  CO^,, 
heating  value  and  efficiency. 

As  has  been  indicated  a  number  of  times,  the  reaction  of 
water  on  incandescent  carbon  to  form  hydrogen  takes  place  much 
faster  at  the  lower  temperature  than  does  the  CO  reaction,  conse- 
quently, when  a  producer  is  operating  with  a  shallow  fuel  bed,  or 
with  a  larger  fuel,  as  in  the  case  of  the  Lehigh  coal,  or  with  a  fuel 
of  slow  catalytic  action,  in  order  to  keep  down  the  temperature  of 
the  gases  and  to  keep  up  the  efficiency,  it  will  be  necessary  to  use 
larger  quantities  of  water  than  would  be  the  case  when  operating 
with  a  deeper  fuel  bed,  as  there  will  be  insufficient  time  for  the 
completion  of  the  CO  reaction  unless  the  producer  is  operated  at 
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The  curves  of  Fig.  31  show  that  within  the  accuracy  and 
range  of  these  tests,  there  is  practically  no  effect  upon  the  efficiency 
of  the  producer  due  to  the  increase  of  the  water  decomposed. 

If  the  range  were  increased  in  either  direction,  there  would 
be  a  great  falling  off  in  efficiency. 
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Fig.  32  shows  the  effect  of  the  water  decomposed  per  pound 
of  combustible  upon  the  volume  of  gas  generated  per  pound  of 
combustible,  and  Fig.  33  shows  the  effect  of  the  gas  generated  per 
pound  of  combustible  upon  the  heating  value  of  the  gas  per  cu.  ft. 

20.  The  Effect  of  Fuel  Bed  Temperature.— The  effect  of  the  fuel 
bed  temperature  upon  the  composition  of  producer  gas  and  upon 
the  efficiency  of  the  producer  from  the  previous  discussion  has 
been  pointed  out.  From  the  results  of  Harries'  experiments, 
(see   page  6)-   the    experiments    of     Dr.    Clement,     illustrated 
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by  Pig.  21;  22,  and  23,  and  from  the  results  of  Boudouard's  experi- 
ments, the  general  effect  of  the  fuel  bed  temperature  can  be  pre- 
dicted with  considerable  certainty.  The  exact  effect,  as  it  de- 
pends upon  the  catalytic  action  of  the  fuel,  the  size  of  the  fuel, 
and  other  variables,  can  not,  however,  be  determined  for  the 
different  fuels  without  direct  experiment.     Within  comparatively 
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wide  limits,  and,  speaking  in  general,  the  efficiency  of  the  pro- 
ducer, as  has  been  pointed  out,  is  practically  independent  of  the 
amount  of  steam  fed  to  the  producer  or  the  amount  of  H2  in  the 
gas.  With  low  fuel  bed  temperatures,  it  will  be  seen  from  Dr. 
Clement's  curves  that  the  CO  will  be  low  and  the  CO.2  high.  Prom 
the  experiments  of  Harries,  it  will  be  seen  that  the  reaction  of 
HaO  on  carbon  has  reached  equilibrium  at  a  temperature  as  low 
as  1240"  P.  with  8.41  per  cent  of  Ho  formed.  So  therefore  in  the 
formation  of  H.2  at  low  temperatures  and  the  formation  of  CO  at 
the  higher  temperatures,  the  principal  effect  of  changing  the 
temperature  of  the  fuel  bed  is  to  cause  a  shifting  in  the  relative 
percentage  of  CO,  CO2,  and  H,  present  in  the  gas  generated.  If 
the  change  is  so  made  that  there  is  no  great  difference  in  the  tem- 
perature of  the  leaving  gases,  the  efficiency  of  the  producer  is  very 
slightly  affected.  Tests  23  and  24  of  Table  6  illustrate  this.  The 
fuel  bed  temperature  in  the  case  of  test  23  is  1740°P. ,  the  tem- 
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perature  of  the  fuel  bed  for  test  24  is  approximately  2200 'F. 
The  temperature  of  the  gases  leaving  the  producer  is  practically 
the  same,  as  is  also  the  efficiency.  The  percentage  of  CO  has 
shifted  from  27.3  to  17.39,  while  the  H.,  has  shifted  from  10.8  to 
16.96  per  cent.  The  heating  value  of  the  gas  for  the  lower  tem- 
perature has  fallen  off,  while  the  number  of  cubic  feet  of  gas  per 
pound  of  combustible  has  increased  from  92.6  for  test  24  to  101.41. 
This  latter  is  due  to  the  lesser  density  of  the  hydrogen. 

The  fuel  bed  temperatures,  as  obtained  for  the  different  tests, 
are  given  in  Table  3. 

The  radiation  and  conduction  losses  will  probably  not  exceed 
1  per  cent.  The  loss  due  to  tar  and  soot  and  to  the  absorption  of 
the  gases  by  the  scrubber  water  will  not  exceed  1  per  cent.  The 
losses  due  to  the  difference  between  the  initial  and  final  tempera- 
tures of  the  fuel  bed  are  variable  and  depend  upon  the  capacity 
and  to  a  certain  extent  upon  the  length  of  time  required  to  blow 
the  fires  and  produce  a  gas  sufficiently  rich  for  operating  con- 
ditions. These  losses  have  been  discussed  on  page  37,  and 
it  was  shown  here  that  they  would  doubtless  vary  from  .5  to  about 
9  per  cent,  depending  upon  the  above  conditions. 

The  experimental  errors  made  in  the  measurement  of  different 
quantities  may  be  either  positive  or  negative  and  the  magnitude 
of  the  probable  error  varies  from  about  2  or  3  per  cent  in  tests  at 
capacities  between  4000  and  2800  cubic  feet  of  gas  per  hour  to  be- 
tween 4  and  7  per  cent  for  tests  between  2000  and  750  cubic  feet 
per  hour. 
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IV.    Conclusions  '^^^■'Tq 

1.  A  producer  of  the  size  and  type  tested  is  a  practical  piece 
of  apparatus.  With  proper  care  in  operating,  and  in  the  selection 
of  the  fuel,  it  is  also  a  reliable  piece  of  apparatus  possessed  of  a 
fair  degree  of  efficiency. 

2.  The  efficiency  of  the  producer  is,  within  wide  limits,  prac- 
tically independent  of  the  rate  of  gasification. 

3.  The  efficiency  of  the  produced,  within  comparatively  wide 
limits,  is  only  slightly  affected  by  the  relative  percentages  of  H., 
and  CO  appearing  in  the  gas.  With  low  temperature  in  the  fuel 
bed,  due  to  the  use  of  a  large  quantity  of  steam,  there  is  a  high 
percentage  of  H.,  and  CO).  With  high  temperature  in  the  fuel  bed, 
the  Ha  and  CO2  drop  off  while  the  CO  increases. 

4.  From  the  above,  it  follows  that  the  amount  of  steam  to  be 
used  under  any  given  conditions  depends  entirely  upon  the  nature 
of  the  fuel.  Clinkering  coals  require  large  quantities  of  steam  in 
order  to  keep  the  temperature  below  that  of  the  formation  oi 
clinker,  while  non-clinkering  coals  require  much  less  steam. 

5.  The  size  of  the  fuel  for  a  given  temperature  of  fuel 
bed  and  a  given  depth  of  fuel  bed  has  a  marked  effect  upon  the 
heating  value  and  composition  of  the  gas,  and  upon  the  efficiency 
of  the  producer.  An  increase  in  the  size  of  fuel  tends  to  cause 
the  efficiency,  heating  value  of  the  gas,  and  the  percentage  of  CO 
to  drop  off. 

6.  The  graphical  logs  show  that  the  conditions  (with  the 
exception  of  the  tests  on  Philadelphia  and  Reading  coal)  were 
sufficiently  uniform  to  prevent  trouble  in  the  operation  of 
engines  driving  machinery  that  requires  no  great  degree  of  sen- 
sitiveness in  regulation,  such  as  the  driving  of  pumping  machin- 
ery, or  shafting  for  machine  shops,  provided  these  engines  have 
overload  capacities  of  from  15  to  20  per  cent.  The  conditions 
were  not  sufficiently  uniform  to  permit  the  use  of  the  gas  in  en- 
gines designed  to  drive  electric  lighting  and  other  machinery 
requiring  sensitive  regulation.  This  is  due,  however,  to  the  very 
small  size  of  the  unit.  With  larger  units,  the  uniformity  has 
proved  entirely  sufficient  for  the  operation  of  engines  driving 
electric  generators. 
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7.  Prom  item  111  of  Table  5,  it  will  be  found  that  the  volume 
of  gas  generated  per  lb.  of  coal  averages  about  76  cu.  ft.  The 
average  low  heating  value  of  the  gas,  if  the  tests  on  the  Phila- 
delphia and  Reading  coal  are  not  used,  is  approximately 
110  B.  t.  u.  per  cu.  ft.  Since  the  average  engine  requires  about 
10,500  effective  B.  t.  u,  per  b.  h.  p.  hr.,  95  cu.  ft.  of  this  gas 
will  be  required  per  b.  h.  p.  hr.  or  f|  =  1.25  +  lb.  coal.  Since 
the  coal  contains  about  12,800   B.    t.    u.    per  lb.,  the  efficiency  of 

2545  X 100 
the  plant  will  be  \. "  ^„ — — ^  =  16  per  cent,  approximately.     The 

thermal  efficiency  of  a  steam  plant  of  this  same  size  will  be 
about  3  per  cent,  assuming  a  boiler  efficiency  of  60  per  cent  and 
an  engine  efficiency  of  5  per  cent. 

If  the  anthracite  fuel  costs  $5.00  per  ton,  soft  coal  for  the 
steam  plant  must  cost  $0.94  per  ton  in  order  that  the  fuel  cost 
remain  the  same  per  h.  p.  hr.  The  cost  of  attendance,  mainten- 
ance and  repair  will  be  practically  the  same  for  each  plant. 

8.  Under  the  above  conditions,  with  anthracite  at  $5.00  per 
ton,  one  b.  h.  p.  could  be  produced  at  a  fuel  cost  of  .31  cent  per 
hi'.,  or  3.7  cents  per  12  hrs. 

9.  The  effect  of  the  capacity,  the  amount  of  steam  used,  the 
effect  of  the  size  of  the  fuel,  the  amount  of  COo  in  the  gas,  and 
other  items  of  a  general  nature,  and  the  conclusions  drawn  from 
such  items, are  entirely  applicable  to  producers  of  all  sizes.  It 
is  believed  that  these  items,  with  the  forms  and  formulas,  consti- 
tute the'most  valuable  portions  of  this  paper. 
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APPENDIX  * 
FORM  1     RESULTS  OF  GAS  PRODUCER  TRIALS 


1  Test  number 

2  Made  by 

3  At The  University  of  Illinois . 

4  Kind  of  producer  Otto    

5  To  determine Efficiency 

6  Principal  conditions  governingr  trial Uniform  load 

7  Kind  of  fuel Scranton-Anthracite 

8  Kind  of  frrate Plain 

9  Method  of  starting  and  stopping  test Alternate 

10  Tj-pc  of  producer Suction 

1 1  Form  of  blower-ejector Schutte  &  Koerting 

12  Date  of  trial 

13  Duration  of  trial 

DIMENSIONS  AND  PROPORTIONS 

14  Dimensions  Of  grate,  ft 

15  Grate  area.  sq.  f t 

16  Mean  diameter  of  fuel  bed.  ft.- 

17  Depth  of  fuel  bed.  ft 

18  Area  of  fuel  bed,  sq .  ft 

19  Height  of  discharge  pipe  above  grate,  ft 

20  Approximate  width  of  air  spaces  in  grate,  inches 

SI  Area  of  air  space,  sq.  ft 

22  Proportion  of  air  space  to  whole  grate  area,  per  cent 

23  Area  of  discharge  pipe.  sq.  ft 

2-i  Water  heating  surface  in  vaporizer,  sq.  f t 

25  Outside  diameter  of  shell  .ft 

26  Length  of  shell  from  base  to  top  of  magazine,  f t. 

27  Ratio  of  water  heating  surface  to  grate  area. — to  1 

28  Ratio  of  minimum  draft  area  to  grate  area.  1  to 

AVERAGE  PRESSURES 

29  Draft  in  ashpit,  inches,  water 

30  Suction  at  producer  outlet,  inches,  water 

31  Pressure  at  meters,  inches,  water 

32  Corrected  barometer  reading 

.32.1  Steam  pressure,  lb.  per  sq,  in.  gage 

AVERAGE    TEMPERATURES 

3:^  Of  fire  room.  deg.  Fahr , 

34  Of  steam  leaving  vaporizer,  deg.  Fahr 

35  Of  feed  water  entering  vaporizer,  deg.  Fahr 

36  Of  overflow  from  vaporizer,  deg.  Fahr 

37  Of  water  entering  scrubber,  deg.  Fahr 

38  Of  water  leaving  scrubber,  deg.  Fahr 

39  Of  gases  leaving  producer,  deg.  Fahr 

40  Of  gases  leaving  scrubber,  deg.  Fahr. 

41  Of  gases  entering  meter,  deg.  Fahr 

FUEL 

42  Size  and  condition '. — 

43  Weight  of  coal  as  flred  .lb 

44  Percentage  of  moisture  in  coal 

45  Total  weight  of  dry  coal  flred,  lb 


*In  the  following  Appendix,  the  forms  used  in  computing  the  results  are  given  for  the  benefit 
of  those  who  may  have  occasion  to  use  them  in  the  working  of  results  of  producer  tests.  The 
use  of  the  forms  has  been  explained  on  page  38. 


74  ILLINOIS   ENGINEERING    EXPERIMENT   STATION 


46  Total  ash  and  refuse,  lb 

47  Quality  of  ash  and  refuse 

48  Total  combustible  consumed ,  lb 

49  Perceatagre  of  ash  and  refuse  in  dry  coal. 


PROXIMATE  ANALYSIS  OF  COAL 


50  Fixed  carbon 

51  Volatile  matter 

52  Moisture 

53  Ash 

54  Sulphur,  separately  determined . 


ULTIMATE  ANALYSIS  OF  DRY  COAL 

55  Carbon .  C 

56  Hydrogen,  H2 

57  Oxygen,  02 

58  Nitrogen.  N2 

9  Sulphur.  S 

60  Ash 

61  Moisture  in  s.ample  of  coal  as  received 

ANALYSIS  OF  DRY  ASH  AND  REFUSE 


62  Carbon,  per  cent 

63  Earthy  matter,  per  cent. 

Si02 

A1203 

iFe203 

MgO 

d     CaO 


FUEL  PER  HOUR 

64  Dry  coal  fired  per  hr.  lb 

65  Combustible  consumed  per  hr .  lb 

66  Dry  coal  per  sq.  ft.  of  grate  area  per  hr.  lb 

67  Combustible  per  sq.  ft,  of  grate  area  per  hr.  lb 

68  Dry  coal  per  sq.  ft.  of  fuel  bed  per  hr.  lb 

69  Combustible  per  sq-  ft.  of  fuel  bed  per  hr.  lb 

70  Rate  of  descent  of  dry  coal  through  fuel  bed,  lb  per  ft.  per  sq.  ft.  per  hr  

71  Rate  of  descent  of  combustible  through  fuel  bed,  lb.  per  ft.  per  sq.  ft.  per  hr. 

CALORIFIC  VALUE  OF  FUEL 

72  Calorific  value  by  oxygen  calorimeter  per  lb.  dry  coal,  B.  t.  u 

73  Calorific  value  by  oxygen  calorimeter  per  lb.  of  combustible  B.  t .  u 

74  Calorific  value  by  analysis  per  lb.  dry  coal.  B.  t.  u 

75  Calorific  value  by  analysis  per  lb.  of  combustible.  B .  t.  u 


WATER 


76  Totali  weight  of  water  fed  to  vaporizer,  lb 

77  Total  weight  of  overflow  from  vaporizer,  lb 

78  Wateri  actually  evaporated  in  vaporizer,  lb 

79  Total  weight  of  water  fed  to  producer,  lb 

a    From  vaporizeri 

b    In  air 

c    In  coal 

80  Total  weight  of  water  decomposed 

81  Total  weight  of  water  in  gas  leaving  producer,  lb 

82  Ratio  of  water  decomvrosed  to  water  supplied •  •  • 

83  Weight  of  water  decomposed  per  lb.  gas  generated,  lb . 


■Steam  fed  to  producer,  where  vaporizer  is  not  used. 
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84  Weitfht  of  watei"  decomposed  per  lb.  of  dry  coal  fired,  lb 

85  Weight  of  water  decomposed  per  lb.  of  combustible  consumed,  lb 

86  Weij^ht  of  water  decomposed  per  lb.  of  air  supplied,  lb 

87  Weigrht  of  water  supplied  per  lb.  of  dry  coal  fired,  lb 

88  Weight  of  water  per  lb.  of  combustible  consumed,  lb 

89  Weight  of  water  supplied  per  lb.  of  dry  air  used,  lb 

90  Total  weight  of  scrubber  water,  lb 


WATER  PER  HOUR 

91  Water  evaporated  per  hr.  in  vaporizer,  lb 

92  Water  evaporated  per  hr.  per  sq.  ft.  of  water  heating  surface  in  vaporizer,  lb. 

93  Weight  of  water  decomposed  per  hr-,  lb 

94  Total  weight  of  water  fed  to  producer  per  hr. ,  lb 

95  Weight  of  scrubber  water  used  per  hr. ,  lb 

QUANTITY  OP  AIR 

96  Per  cent  of  moisture  in  air,  per  cent  of  dry  air 

97  Total  weight  of  dry  air,  lb 

98  Total  weight  of  dry  air  per  hr.  lb 

99  Weight  of  dry  air  used  per  lb.  of  dry  coal  fired,  lb 

100  Weight  of  dry  air  u.sed  per  lb.  of  combustible  consumed,  lb 

101  Weight  of  dry  air  used  per  lb.  of  dry  gas  generated,  lb 


GAS 

102  Per  cent  moisture  in  gas  leaving  producer,  per  cent  of  dry  gas 

103  Per  cent  of  soot  and  tar  in  gas  leaving  producer 

104  Calorific  value  of  standard  gas  from  analysis  (high  value)  B.  t.  u.  per  cu.  ft. . 
104a  Calorific  value  of  standard  gas  from  analysis  (low  value)  B- 1.  u 

105  Calorific  value  of  standard  gas  from  calorimeter,  (high  value)  B.t.u.  per  cu.  ft. 

106  Specific  weight  of  standard  gas,  lb.  per  cu.  ft.. 

107  Specific  heat  of  dry  gas  leaving  producer 

108  Carbon  ratio  C/H 

109  Total  volume  standard  gas.  cu.  ft 

1 10  Volume  of  standard  gas  per  hr.  cu .  f  t 

111  Volume  of  standard  gasper  lb.  of  dry  coal 

112  Volume  of  standard  gas  per  lb.  of  combustible 

1 13  Total  weight  of  standard  gas,  lb 

*1 14  Weight  of  standard  gas  per  hr . .  lb 

115  Weight  of  standard  gas  per  lb.  of  dry  coal  flred,  lb 

116  Weight  of  standard  gas  per  lb.  of  combustible  consumed,  lb 


GAS  ANALYSIS  BY  VOLUME 


117  Carbon  dioxide,  COl' 

1 18  Carbon  monoxide ,  CO 

119  Oxygen,  02 

120  Hydrogen,  Ha 

121  Marsh  gas.  CH4 

122  Olefiant  gas,  C2H4 

123  Sulphur  dioxide.  S02 

124  Hydrogen  sulphide,  H2S... 

125  Nitrogen ,  N2.  by  difference . 


EFFICIENCY 


126  Grate  efficiency,  percent 

127  Hot  gas  efficiency,  based  on  high  heating  value,  per  cent. . 

128  Cold  gas  efficiency,  based  on  high  heating  value,  per  cent. 
128o  Cold  gas  efBciency,  based  on  low  heating  value,  per  cent... 
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EFFICIENCY  BASED  ON  100  PER  CENT  GRATE  EFFICIENCY 

1286    Hot  gas  efficiency,  based  on  hi^h  heating  value,  per  cent 

128c    Cold  gas  efficiency,  based  on  high  heating  value,  percent 

128d    Cold  gas  efficiency ,  based  on  low  heating  value,  per  cent 

COST  OF  GASIFICATION 

129  Cost  of  fuel  per  ton  delivered  in  producer  room 

130  Cost  per  1000  cu-  ft.  of  standard  gas .  cents 

131  Cu.  ft.  scrubber  water  per  1000  cu.  ft.  gas 

POKING 

132  Method  of  poking 

133  Frequency  of  poking 

FIRINC; 

134  Method  of  firing 

135  Average  intervals  between  firing 

136  Average  amount  of  fuel  charged  each  time,  lb 

HEAT  BALANCE 

Debit  B.  t.  u. 

a    Total  heat  supplied  per  lb.  dry  coal 

b    Total  heat  supplied  by  air  per  lb.  dry  coal 

c    Total  heat  supplied  by  moisture  in  air  per  lb. 

dry  coal 

d    Total  heat  supplied  by  moisture  in  coal  per  lb. 

dry  coal 

e    Total  heat  supplied  as  sensible  heat  in  coal  per 

lb.  dry  coal 

f   Totali  heat  supplied  by  water  in  vaporizer  per 

lb .  dry  coal 

Total 

Credit  B.  t.  u.       Per  Obnt 

a  Heat  contained  as  sensible  heat  in  dry  gas.  — 

b  Heat  contained  in  moisture 

c  Heat  contained  in  dry  gas  (heat  of  combustion) 

d  Heat  in  unburned  carbon 

e  Heat  contained  in  ash  and  refuse  as  sensible  heat 

/  Heat  lost  in  overflow  from  vaporizer 

a  Heat  lost  in  radiation  and  conduction 

Total 

FORM  2    RESULTS  OF'  GAS  PRODUCER  TRIALS 

NO.   OF  TEST  DATE,   TIME  OF   START, 

TIME  OF   STOP        DURATION   OF  TRIAL,    HRS. 

KIND  OF  FUEL. 

DIMENSIONS     AND    PROPORTIONS 


1  Dimensions  of  grate,  ft. 

2  Grate  area  sq.  ft 


'Supplied  in  steam,  where  vaporizer  is  not  used- 
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3  Mean  diameter  of  fuel  bed,  ft 

4  Depth  of  fuel  bed.  ft 

5  Area  of  fuel  bed.  sq- ft 

6  Height  of  discharge  pipe  above  grate,  ft 

7  Approximate  width  of  air  spaces  ia  grate,  inches. . 

8  Area  of  air  space    sq.  f t 

9  Katio  of  air  space  to  whole  grate  area,  f 

10  Area  of  discharge  pipe,  sq.  ft 

11  Water  heating  surface  in  vaporizer,  sq.  ft 

12  Outside  diameter  of  shell,  ft 

13  Length  of  shell  from  base  to  top  of  magazine,  ft.. 

14  Ratioof  water  heating  surface  to  grate  area —to  1. 
l.'i  Ratio  of  minimum  draft  area  to  grate  area  to 


AVKRAGE    PRESSURES 


16  Average  barometer  reading .  inches  Hg 

17  Average  corrected  barometer  reading,  inches  Hg . 

18  Draft  in  ash  pit,  inches  water 

19  Suction  at  producer  outlet,  inches  water  

20  Absolute  pressure  at  producer  outlet,  inches  Hg. 

21  Suctioni  at  orifice,  inches  water 

32  Absolute  pressurei  at  orifice,  inches  Hg 

23  Pressure  at  meters,  inches  water 

34  Absolute  pressure  atmetei's,  inches  Hg 

25  Vapor  pressure  at  meters,  inches  Hg 

26  Dry  gas  pressure  at  meters,  inches  Hg 

27  Suction  at  meter  for  drj'er,  inches  water 

2H  Absolute  pressure  at  meter  for  dryer,  inches  Hg  . 


AVERAGE  TEMPERATURES 


89  At  barometer,  deg.  Fahr 

30  Of  ftre  room.  deg.  Fahr 

31  Of  fire  room.  deg.  absolute  Fahr 

32  Of  steam,  deg.  Fahr 

33  Of  feed  water  entering  vaporizer,  deg.  Fahr  

34  Overflow  from  vaporizer,  deg.  Fahr 

35  Rise  in  vaporizer,  deg.  Fahr 

36  Of  water  entering  scrubber,  deg.  Fahr 

37  Of  water  leaving  scrubber,  deg.  Fahr 

38  Rise  in  scrubber,  deg.  Fahr 

39  Of  gases  leaving  producer,  deg.  Fahr 

40  Of  gases  leaving  producer,  deg.  abs.  Fahr 

41  Of  gases  leaving  first  scrubber,  deg.  Fahr 

42  Of  gases  leaving  ff rst  scrubber,  deg.  abs-  Fahr 

43  Drop  in  temperature  of  gases  in  scrubber,  deg.  Fahr. 

44  Of  gases  entering  meters,  deg.  Fahr 

45  Of  gases  entering  meters,  deg.  abs.  Fahr 

46  Of  gas  at  meter  at  dryer,  deg.  Fahr 

47  Of  gas  at  meter  at  dryer,  deg.  abs.  Fahr 


FUEL 


48  Size  and  condition 

49  Weight  of  coal  as  fired,  lb 

.tO  Percentage  of  moisture  in  coal . . 

51  Total  weight  ol  dry  coal  fired,  lb 


Steam  pressure  may  be  substituted  here  in  case  the  water  is  not  supplied  from  the  vaporizer 
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52  Total  ash  and  refuse ,  lb 

53  Quality  of  ash  and  refuse 

54  Total  weight  of  combustible,  lb 

55  Percentage  of  ash  and  refuse  in  dry  coal,  per  cent 

PROXIMATE  ANALYSIS  OF  COAL 

56  Fixed  carbon,  per  cent 

57  Volatile  matter,  per  cent 

58  Moisture,  per  cent 

r>9    Ash,  per  cent 

60  Sulphur,  separately  determined,  per  cent 

ULTIMATE   ANALYSIS   OF   DRY    COAL 

61  Carbon.  C.  per  cent 

62  Hydrogen,  H2.  percent 

63  Oxygen.  02.  per  cent 

64  Nitrogen,  N2,  per  cent 

65  Sulphur.  S.  per  cent 

66  Ash,  per  cent 

67  Moisture  in  sample  coal  as  received,  per  cent 


ANALYSIS   OF   DRY   ASH   AND  REFUSE 


68  Carbon,  per  cent 

69  Earthy  matter,  per  cent . 

a     Si02 

J  AlsO.-i 

i  Fe20s 
c      MgO 
d      CaO 


FUEL  PER  HOUR 


70  Dry  coal  fired  per  hr.,  lb 

71  Combustible  consumed  per  hr..  lb 

72  Dry  coal  per  sq.  ft.  of  grate  area  per  hr. .  lb 

73  Combustible  per  sq.  ft.  of  grate  area  per  hr. ,  lb 

74  Dry  coal  persq.  ft.  of  fuel  bed  per  hr.,  lb 

75  Combustible  per  sq.  ft.  of  fuel  bed  hr..  lb • 

76  Rate  of  descent  of  dry  coal  through  fuel  bed.  lb.  per  ft,  per  sq,  ft.  per  hr 

77  Rate  of  descent  of  combustible  through  fuel  bed.  lb.  per  ft.  per  sq.  ft.  per  hr . 

CALORIFIC    VALUE   OF  FUEL 

78  Calorific  value  by  oxygen  calorimeter  per  lb.  dry  coal,  B.  t.  u 

79  Calorific  value  by  oxygen  calorimeter  per  lb.  combustible  B.  t.  u 

80  Calorific  value  by  analysis,  per  lb.  dry  coal,  B.  t.  u 

81  Calorific  value  by  analysis,  per  lb.  combustible,  B.  t.  u 

WATER 

82  Totali  weight  fed  to  vaporizer,  lb 

83  Total  weight  of  overflow,   lb 

84  VVateri  actually  evaporated  in  vaporizer,  lb 

85  Weight  of  water  fed  to  producer, 

a  From  vaporizeri 

b  In  air 

c  In  coal 

Total 

86  Total  weight  of  water  decomposed  from  analysis,  lb 

87  Totalweight  of  water  decomposed  as  used  in  calculations,  lb 

1  Steam  fed  to  producer  where  vaporizer  is  not  used. 
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88  Total  weifrhl  of  moisture  in  gas  leaving  proilucer,  lb 

89  Ratio  of  water  decomposed  to  water  supplied 

90  Weijrht  of  water  decomposed  per  lb.  of  sras  jrenerated.  lb 

91  Weight  of  water  decomposed  per  lb  of  dry  coal  flred.  lb 

92  Weight  of  water  decomposed  per  lb.  of  combustible  consumed,  lb 

93  Weight  of  water  decomposed  per  lb .  of  air  supiilied,  lb 

94  Weight  of  water  supplied  per  lb.  of  dry  coal  fired. lb 

95  Weight  of  water  supplied  per  lb.  of  combustible  consumed,  lb 

96  Weight  of  water  supplied  per  lb-  of  air  used,  lb 

97  Total  weight  of  scrubber  water,  lb 

98  Total  weight  of  water  absorbed  from  sample  by  dryer,  grams 


WATER  PER  HOUR 


99    Water  evaporated  per  hr.  in  vaporizer,  lb , 

100  Water  evaporated  per  hr.  persq.  ft.  of  water  beating  surface  in  vaporizer,  lb. 

101  Weight  of  water  decomposed  per  hr.,  lb 

102  Total  weight  of  water  fed  to  producer  per  hr.  ,1b 

103  Weight  of  scrubber  water  used  per  hr.,  lb 


QUANTITY  OF  AIR 


104  Relative  humidity  of  air,  per  cent 

105  Per  cent  of  moisture  contained  in  air,  per  cent  by  weight  of  dry  air . 

106  Total  weight  of  dry  air  by  analysis,  lb 

107  Total  weight  of  dry  air  by  orifice ,  lb 

108  Total  weight  of  dry  air  as  used  in  calculations,  lb 

109  Weight  of  dry  air  per  hr.  from  total  used  in  calculations 

110  Weight  of  dry  air  used  per  lb.  of  dry  coal  fired,  lb 

111  Weight  of  dry  air  used  per  lb.  of  combustible  consumed,  lb  

112  Weight  of  dry  air  used  per  lb.  of  dry  gas  generated,  lb 


GAS 

1 13  Volume  of  gas  sample  passing  through  meter  at  dryer ,  cu.  f t 

114  Volume  of  stanBard  gas  passing  through  meter  at  dryer,  cu .  ft 

115  Total  weight  of  gas  passing  through  dryer  meter,  lb 

116  Percentage  of  moisture  in  gas  leaving  producer,  from  dryer,  per  cent  dry  gas... 

1 17  Percentage  of  moisture  in  gas  leaving  producer,  from  water  fed  to  producer,  per 

cent  dry  gas 

118  Percentage  soot  and  tar  in  gas  leaving  producer,  percent 

119  Calorific  value  per  cu.  ft.  standard  gas  from  analysis  B.t.u.  (high  value) 

1 19a    Calorific  value  per  cu.  ft-  of  standard  gas,  by  analysis  ( low  value) 

120  Calorific  value  per  cu.  ft.  of  standard  gas  from  calorimeter,  B.t.u.  (high  value  i 

121  Specific  weight  of  standard  gas,  lb.  per  cu.  ft 

182    Specific  heat  of  dry  gas  leaving  producer    

123  Carbon  ratio  C/H 

124  Total  volume  of  gas  from  meters,  cu.  ft 

125  Total  volume  of  standard  gas,  fromi  meters,  cu.  ft 

126  Total  volume  of  standard  gas.  from  analysis,  cu.  ft 

117    Total  volume  as  used  in  calculations,  cu.  ft 

128  Volume  of  standard  gas  per  hr.  from  total  used  in  calculations 

129  Volume  of  standard  gas  per  lb.  of  dry  coal  from  total  used  in  calculations,  cu.  f t- 

130  Volume  of  standard  gas  per  lb.  of  combustible  from  total  used  in  calculations. 

cu.  ft 

131  Total  weight  of  standard  gas  from  total  used  in  calculations,  lb 

132  Weight  of  standard  gas  per  hr. ,  lb 

133  Weight  of  standard  gas  per  lb.  of  dry  coal,  lb 

134  Weight  of  standard  gas  per  lb.  of  combustible,  lb 


80  ILLINOIS    ENGINEERING    EXPERIMENT   STATION 

GAS  ANALYSIS  BY  VOLUME 


135  Carbon  dioxide,  CO2      

136  Cai'bon  monoxide,  CO 

137  Oxygen,  O2 

138  Hydrogen,  H2 

139  Marsh  gas,  CH4 

140  Oleflant  gas,  C2H4 

141  Sulphur  dioxide.  SO2 

142  Hydrogen  sulphide, H2S  — 

143  Nitrogen,  N2  by  difference. 


GAS  ANALYSIS  BY  WPilGHT 


144  Carbon  dioxide.  CO2 

145  Carbon  monoxide,  CO 

146  Oxygen,  02 

147  Hydrogen,  H2 

148  Marsh  gas.  CH4 

149  Oleflant  gas,  C2H4 

150  Sulphur  dioxide,  SO2 

151  Hydrogen  sulphide,  H2S... 

152  Nitrogen,  N2   by  difference. 


EFFICIENCY 


153  Grate  efficiency,  per  cent 

154  Hot  gas  efficiency,  based  on  high  heating  value,  per  cent. 

155  Cold  gas  efficiency,  based  on  high  heating  value,  per  cent.. 
155.1  Cold  gas  efficiency,  based  on  low  heating  value,   per  cent. 


EFFICIENCY  BASED  ON  100  PER  CENT  GRATE  EFFICIENCY 


155«  Hot  gas  efficiency,  ba.sed  on  high  heating  value ,  per  cent . . , 
1556  Cold  gas  efficiency,  based  on  high  heating  value, per  cent... 
15.50    Cold  gas  efficiency,  based  on  low  heating  value,  per  cent. . 


COST  OF  GASIFICATION 


156  Cost  of  fuel  per  ton  delivered  in  producer  room  — 

157  Cost  per  1000  cu.  ft.. of  standard  gas,  cents 

1 58  Cu .  ft.  scrubber  water  per  1000  cu.  ft.  standard  gas . 


POKING 


l,'j9    Method  of  poking 

leo    Frequency  of  poking. 


161  Method  of  firing  

162  Average  intervals  between  firings 

163  Average  amount  of  fuel  charged  each  time. 


HEAT  BALANCE 

Debit 

a  Total  heat  supplied  per  lb.  dry  coal 

b  Total  heat  supplied  by  air  per  lb.  dry  coal 

c  Total  heat  supplied  by  moisture  in  air  per  lb.  dry  coal. 

d  Total  heat  supplied  by  moisture  in  coal 

e  Total  heat  supplied  as  sensible  heat  in  coal 

/  Total' heat  supplied  in  vaporizer  water 


Total . 


1  Supplied  in  steam,  where  vaporizer  is  not  used. 
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Peh 

Cbeuit  B.t.u.  Cent 

a  Heat  contained  as  sensible  heat  iuilry  gas 

b  Heat  contained  in  moisture 

c  Heat  contained  in  dry  tras  (.heat  of  combustion) 

d  Heat  in  unburned  carbon 

e  Heat  contained  as  sensible  heat  in  as  i  and  refuse 

/■  Heat  lost  in  overflow  from  vaporizer 

a  Radiation  and  conduction,  by  difference 

Total 


FORM3GUIDF:    SHEET   CONTAINING   ALL    FORMULAS    AND   THEIR   DERIVATION 

The  item  numbers  refer  to  the  items  of  Form  2,-  and  are  arransfed  in  the  order  of  computa- 
tioa. 

Item  4.  "Depth  of  fuel  bed"  is  to  a  certain  extent  arbitrary.  In  order  that  the  term  may 
have  a  ttxed  and  definite  meanintr  we  will  define  it  as  the  distance  between  the  upper 
edge  of  the  ash  zone  and  that  section  of  the  fuel  bt  d  from  which  the  gases  separate  and 
leave  the  fuel.  The  upper  edge  of  the  ash  zone  can  ordinarily  be  readily  determined  by 
inspection. 

Item  16.    This  reading  is  the  average  of  the  barometer  readings  for  the  test  and  is  not  corrected. 

Itvn  \7.    Item  IBcorracted.    Tti?  f  jUo  vin^  fanuula  may  be  used: 
Let  //  =  corrected  barometer  reading. 
t  =  temperature, deg.  fahr. 

k  =  barometer  reading  corresponding  to  temperature  t. 
Then  11=  h  (1  .C025I  —  0.0000T9O 

Jtem  17.  =  Item  16  (1.C0254  —  0.000079  X  Item  29) 

Item  18.  =  Observed. 

Item  19.  =  Observed. 

Item  20.  =  Item  17  —  Item  19  X  0.0735 

Item  21.  =  Observed. 

Item2l.  -  Item  17  —  lie  n  21  X  0.0735 

Item  23.  =  Observed- 

Item  21.  =  Item  I7  ^  Item  23  X  0.0735 

/<«;/»  25.  =  Taken  from  steam  tables  using  temperature  in  Item  14,  1  lb.  per  sci.  in.  =  2.04  in. 
Hg. 

Item  26.  =  Item  21  —  Item  25 

Item  2".  =  Observed. 

Item  28.  =  Item  17  —  Item  27  X  0.0735 

Itemx  39  to  47  inc.  The  observed  temperatures  should  be  corrected  from  the  calibration  curves 
before  being  placed  in  Foroa  2.  The  absolute  temperature  =  tne  observed  temperature 
+  460  deg. 

Item  39.    Tbis  item  is  observed  in  deg  Cent,  and  should  be  transferred  into  deg.  Fahr. 

Deg.  Fahr.  =  -?-deg.  Cent.  +  32 

0 

Each  observation  must  be  transferred. 
/tein  50     Ta'.ten  from  Item  67- 

Item  ,50    \ 


ftetfi  :,\.     Item  49  (   1 


100 


//''/ii  5.'.    Taken  from  ash  sheet,  correction  being  made  f(3r  any  moisture  taken  up  in  the  ash- 
pit. 
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Item  54.    In  these  tests  the  total  weight  of  combustible  consumed  will  be  taken  as  the  total 
weisrht  of  dry  coal  fired,  minus 

the  weight  of  ash  computed  from  the  analysis,  minus 
the  weight  of  nitrogen—  §  X  the  weigrht  of  oxygen,  minus 
the  weight  of  carbon  contained  in  the  ash  and  refuse  and  equals 

X    Item   66  Item   51    X    Item   64  S    Item   51    X    Item    63 


Therefore, 


Item   54    =    Item 


100 
Item  52  X  Item  € 


Item  66  +   Item  64  +  2   Item  63-|  Item   52    X  Item   68 


^,   r     ,  Ltem  (36  -t   Item  64  -f-  ;   item  ean 

5'  L  '  ^ J   - 


Item  51 

Items  56  to  69.    From  chemist. 

Items&d.  a.b.  c,  il.    The  ultimate  analysis  of  the  ash  will  be  made  only  in  special  cases  to 
obtain  data  on  the  formation  of  clinker. 


Item  70.  = 
Item  71.  = 
Item  72.  = 
Item  73.  = 
Item  74.  = 
Jtem  75.  = 


Item  51 
hours 

Item  54 
hours 

Item  70 
Item    2 

Item  71 
Item   2 

Item  70 
Item   5 

Item  71 
Item   5 


Jt€7n  76.  "The  rate  of  descent  of  dry  coal  through  the  fuel  bed,"  or  "The  dry  coal  per  cu. 
ft.  of  fuel  bed  per  hour."  which  is  the  same,  offers  a  means  of  comparing  the  rate  of 
gasification  in  different  producers  that  seems  to  be  better  adapted  for  the  puri>ose  than 
the  expressions  taken  from  boiler  practice,  viz:  "coal  per  sq.  ft.  of  grate  area,"  or  "coal 
per  sq.  ft.  of  fuel  bed,"  the  latter  having  been  used  in  producer  practice. 

„       _„         Item  74 
Item  76.  = 


Item  77. 


Item  4 
Item  75 


Item  4 

Item  78.  Taken  from  chemist's  report. 

Item  78  X  Item  51  —  Item  52  X  Item  68  X  145.40 

Item  79.  = — 

Item  54 

Item  80.  =   -)  Item  61  X  145.40  +  Item  65  X  40.00  +  [Item  62  — 

Item  80  X  Item  51  —  Item  52   X    Item  88  X  145.40 

Item  81 .   ^  = — 

Item  54 

Item  113.    Total  volume  of  gas  passing  through  meter  at  dryer.    Observed. 
Item  114.    Total  volume  of  standard  gas  passing   through  meter  at   dryer.     Neglecting    the 
effect  of  moisture. 
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Let  pi  =  absolute  pressure  in  inches  Hj^.  ut  dryer  meter. 
ii  =  absolute  temperature,  dem.  fahr.  at  dryerineter. 
v\  =  total  volume  of  gas  passing  through  meter. 
P.   V.  and  T,  be  the  condition  of  standard  gas. 
P  =  30  in.  Hg. 
r  =  -160  +  62  =  522 

Then 

piv}     PV 
ti  ^  T 

y  ==  VlviT^pvin  X    522_  17.4    mvl 
Ptl  30ft       ""         ft 

from  which  the  value  of  Item  114  follows. 
Item  28  X  Item  113 


Item   114.    =  17.4 


Item  47 


Item  118.     Not  considered  in  these  tests. 

Item  119  and  119a.    One  cubic  foot   of   standard  gas,  i.  e.  gas  at  a  temperature  of  62°  Fahr. 
or   522°   absolute  and  a   pressure  of  30   in,  Hg.  gives  up  the  high  value  in  the  following 
table  when  the  products  of  combustion  are  brought    back  to  this  temperature,  and  the 
moisture  condensed.    If  the  moisture  is  not  condensed  it  gives  the  low  value. 
H2       =  328  (high)  or  276  (low)  B.  t.  u  per  cu.  ft.  of  standard  gas. 
C2H4  =  1610  (high)  or  1510  (low)  B.t.u.  per  cu.  ft.  of  standard  gas. 
CO      =  319  (both  high  and  low)  B.  t.  u.  per  cu.  ft.  of  standard  gas. 
CH4     =  1010  (high)  or  910  (low)  B.t.u.  per  cu.  ft  of  standard  gas. 
Itan  120.    This  quantity  is  the  average   of  all   the  calorimeter  determinations.       Each   sep- 
arate   determination   by   the   calorimeter   must    be   computed   and    the   heating    value 
obtained.     The  following  formula  may  be  used.     The  calorimeter  readings  are  taken  in 
centigrade  units  with  the  exception  of  the  meter  reading  and  pressure. 

Let  t2   =  temperature  of  entering  water,  deg.  cent, 
ft    =  temperature  leaving  water,  deg,  cent. 
?•     =  rise  in  temperature  of  water,  deg,  cent. 

W  =  weight  of  water  used  during  the  intervals  -  8  litres  for  all  tests. 
Gi  =  cu.  ft.  of  gas  used  from  meter 
tg  =  temperature  of  entering  gas,  deg.  cent. 

pg  =  pressure  entering  gas  inches  Hg.  absolute,  coirested  for  vapor  pressure  of  water 
(see  Item  25). 
H  =  heating  value  per  cu.  ft.  of  standard  gas  (62  deg.  Fahr.  or  16.7  deg.  Cent,  and  30  in 

Hg.) 
ts  =  temperature  of  standard  gas  =  62  deg.  Fahr.  or  16.7  deg.  Cent. 
;;s  =  pressure  of  standard  gas  =  30.  in  Hg. 
Gs  —  cu.  ft.  of  standard  gas. 


Tg  'Js 

_  GlXpgXTs 

^'   =  TgXDs 

Where  Tg  and  Ts  are  in  absolute  deg.  cent., 

ti  —  f>  ^  r 
Total  heat  per  cu.  ft.  standard  gas  in  B.t.u.  =  H 
Total  heat  absorbed  by  water  =  W  X  r 
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T%  X  m 

^8  X  r  X  3.968  X  Tg  X  30_ 
(i\  X  VZ  X  (16.7  +  273) 

rgXr-X3.29 


Gi  Xi)g 


where  3.968  is  the  conversion  factor. 


In  this  formula  it  Is  assumed  that  the  exhaust  products  are  brought  back  to  62°  F. 
This  is  not  strictly  true  but  the  error  introduced  is  neglis'ible,  when  the  error  in  the 
use  of  the  apparatus  is  considered.  There  is  unother  error  due  to  the  exhaust  products 
carrying  out  more  or  less  vapor  of  water  than  was  brought  in  by  the  entering  gas  and  air. 

This  error  will  also  be  small  and  may  either  be  positive  or  negative  depending  on  con- 
ditions. The  entering  gas  will  in  most  cases  come  from  direct  contact  with  water  and 
will  therefore  be  saturated.  The  air  ordinarily  will  not  be  saturated.  On  combustion, 
moisture  will  be  formed  by  the  union  of  the  oxygen  and  hydrogen,  there  will  be  a  con- 
traction in  volume  of  the  gases  due  to  the  combustion,  and  also  a  contraction  or  expan- 
sion due  to  a  change  in  temperature  after  combustion.  In  whichever  direction  the 
change  in  the  weight  of  moisture  in  the  out-going  gas  from  that  brought  in  by  the  en- 
tering gas  may  occur,  this  change  may  be  considered  very  small;  for  the  contraction  on 
combustion  will  be  comparatively  small,  and  this  contraction  will  partly  offset  the  un- 
saturated condition  of  the  air  used  for  combustion.  Also  the  change  in  temperatu  re  of 
the  out-going  gas  from  that  of  the  entering  gas  will  be  small. 

The  heating  values  as  given  in  Items  119  and  120  are  the  high  values. 

The  values  obtained  from  the  analysis  will  be  more  accurate  and  will  be  used  in  all 
computations. 

Item  121 .    The  specific  weights  of  the  following  gases  at  62  deg.  and  30  in.  Hg.  are 


C02  =  0.11610 

CO  =  0  07362 

02  =  0.08418 

H2  =  0.00530 


CH4  =  0.04278 

C2H4  =  0.07370 

SO2  =  0.16380 

H2S  =  0.0S682 


N2 


O.0740O 


Item    121.  =  [Item  135  X  0.1161     +  Item  136  X  0.07362    +  Item  137  X  0.08418  +     Item 

138  X  0.00530  -f  Item  139  X  0.01278  +  Item  140  X  0.0737  -^  Item  141  X  0.163K  -I- 
Item  142  X  0.08682    +  Ite  n  143  X  0.0740]  i,',« 

/Imn  144  to  152.  Calculation  of  the  gas  analysis  by  weight  from  the  analysis  by  volume.  As- 
sume that  we  have  one  cubic  foot  of  gas  at  62  deg.  Fahr.  and  SO  in.  Hg.  of  the  following 
co.nposition: 


VoLUMETKic  Analysis 


Specific  Weight 


Analysis  by  WiJight 
Per  Cent 


CO2  =  a  per  cent 
CO    =  6 
O2     =  c 
H2    =d 


0.1161  =  It'a 
(1.07362  -  Ml) 
0.08418  =  He 
0.00.^30  =    Ha 


WaXa 


E  == 

W 

F  = 

G  = 

WgXo- 

w 

H  = 

I  = 

mx  t 
w 
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CH4  =  €  0.04278  =    He 

C2H4  =  /■  0.07370  =    irf 

SO2  =  a  0.16380  =  n"g 

H2S  =  A  0.08682  =    ITh 

N2  =  t"  0.07400  =    ITi 

Where  ir  =  fa  X  Tl's  +  ftX  f Fb  +  c  X  IT^c  +  e  X  TFe +£  X  m]iJo  =  Item  121. 

Item  122.  The  specitic  heats  of  the  gases  vary  according  to  the  pressure  and  temperature  A.s 
the  pressure  u.-ed  throutrhout  the  experiments  is  atmo'-pheric  we  have  only  to  consider 
the  variation  with  the  temperature.  The  follovsintr  formulae  taken  from  Zeuner.  vol- 1, 
pagre  147.  trive  the  specitic  heat  for  constant  volume  Cv. 

ICO2.  wjCt  =-  6.50  +  0.00774( (^ 

H2O,   mC\  =  5.78  +  0.00572< (2) 

02  H2N2.  CO.  /«77v      =  4.76  +  0.00214< (3) 

mCp  —  mCi  =  1.9934 (4i 

For  the  specific  heat  of  marsb  gras  CH4.  our  other  constituent,  we  will  use  the  value 
Cp  =  0.6.  This  is  approximate,  but  as  the  quantity  of  CH4  is  small  the  resultant  error 
is  consequently  small. 

In  the  above  formula,  m  is  the  molecular  weight  of  the  gas.  t  the  temperature  in  deg. 
cent,  and  Cv  the  mean  specific  heat  between  zero  and  t  deg.  cent.  Cp  is  determined 
from  formula  (4 ).  F'rom  the  above  formulas,  the  analysis  by  weight  as  determined  be- 
low and  the  temperature  of  the  gases  leaving  the  producer,  the  specitic  heat  of  each 
constituent  in  a  unit  weight  of  the  gas  may  be  determined.  The  specific  heat  of  the 
eras  will  be  the  sum  of  the  specific  heats  of  the  constituents. 
Substituting  the  value  of  wCv  from  formula  (4).  and  the  value  of  ?«.  and  changing  to  deg. 
fahr.  we  have  frpm  the  above  formulas: 

For  CO2,   Cp  =  0.19    +    .0n00977« a 

H2O.  Cp  =  0.426  +     .000176( b 

H2,     Cp  =  3.35.5  +     .OO0878( c 

CO,     Cp  =  0.24    +     .0000481!; d 

N2,      Cp  =  0.24    +     .0000484< e 

CH4.  Cp  •=  0.6      / 

02.      Cp  =  0.21     +     .0000424? 0 

Let  a.  b.  c.  d.  e  and  /.  represent  the  mean  Cp  for  the  above  gases  between  32  deg.  and  t  deg. 

Fahr.  Then  the  Cp  of  the  producer  gas  =  the  sum  of  the  produ(;ts  of  the  constituents  of  the  gas 

by  weight  X  the  specific  heat  of  the  constituent. 

That  is. 

Item  122=  [o  X  Item  144  +c  X  Item  147  +  d  X  Item  145  +  #  X  Item   152 
+  fX  Item  148  +  0  X  Item  14^]  —- 

Item  183 

13  3                                      4 

C02  =  02  +  C              C0  =  C  +  0  CH4  =  C  +  2R2  C2H4  =  2C  +  2H2 

44  =  32+12                 28  =  12  +  16  16  =  12  +  4                      28  =  24  +  4 

Total  weight  of  carbon  appearing  in  a  unit  weight  of  gas  from  the  above  =  per  cent  by  weight 

3  3  3 

CO2  X  -— —  +  per  cent  by  weight  CO  X  „-—  +  per  cent  by  weight  CH4  X  — —    +  per   cent     by 

1100  <0u  400 


1  Mallard  and  Le  Chatelier's  Formulas. 
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weight  C2H4  X:.^ 

H2 
The  total  weig'ht  of  H2  appearing  in  a  unit  weight  of  gas  =  per  cent  by  weight  — -r  +  per  cent 

bj-  weight  CH4  X  —zrr  +  per  cent  by  weight  C2H4  X  —— 

400  700 

or  Item  123  =  [Item  144  X  0.273  +  Item  145  X  0.429  +  Item  148  X  0.75  + Item  149  v  0  858]  -^ 
[Item  147  +  Item  148  X  0.25  +  Item  149  X  0. 143] 
Item  124.        Observed. 
Item  125.       Let  G  =  total  volume  of  ga.s  as  measured  by  the  meters. 

p  =  absolute  pressure  of  this  gas  in  inches  Hg.  as  observed. 
T  =  absolute  temperature  in  deg.  fahr. 
t  =  observed  temperature. 
The  volume  of  gas  G  as  measured  by  the  meter  is  saturated  with  water  vapor  at  the 
temperature  t. 

Let  pi  =  pressure  of  this  vapor  in  inches  as  obtained  from  the  steam  table. 
Then  as  the  pi-essure  p  is  the  total  pressure  of  the  mixture,  the  actual  or  partial  pi'es- 
ure  of  the  dry  gas  is  P~  pi  =p2. 

LetiJs,  Gs.  and  Ts,  be  the  condition  of  standard  gas.    Then 
6s  Xps  _   G  Xp2  _   G  X  p2\  Ts    _  GXp2y  522    _   G  X  p2 

Ts       "         T        O'"^^-  TXps         ~         TX30         ~         T       ^^'-^ 

Therefore  Item  125  equals 

Item  124  X  Item  26  X  17.4 


Item  45 
Item  126.    Calculation  of  the  volume  of  the  gas  from  the  analysis  of  the  gas  and  the  analysis  of 
the  coal.    Evidently  the  total  weight  of  the  carbon  appearing  in  the  gas  should  be  equal  to  the 
total  weight  of  carbon  in  the  coal  minus  the  weight  that  is  lost  thi-ough  the  grate  and  the  weight 
lost  in  soot  and  tar.    This  latter  is  small  for  the  hard-coal  producer  and  will  be  neglected. 
Let  P  =  Per  cent  carbon  by  weight  in  dry  coal. 
TT"=  total  weight  of  dry  coal. 
TT'i  —  total  weight  of  ash  and  refuse. 
Pi  =Per  cent  by  weight  of  carbon  in  the  ash  and  refuse. 

W2  =  total  weight  of  carbon  that  should  appear  in  the  gas,  or  the  weight"of  carbon 
utilized  in  the  producer. 

^  pw—Fnwi 

~  100 

This  carbon  is  contained  in  the  CO2,  CO,  CH4.  C2H4. 

The  proportion  by  weight  of  C  in  CO2  is  3/11,  of  C  in  CO  is  3/7,  of  C  in  CH4  is  3/4  and  of  C  in 

C2H4  is  6/7. 

Therefore  the  total  weight  of  C  contained  in  a  unit  weight  of  gas  will  be 

^  3/11  ^  +  3/4  E  +  3/T  F+  6/7  6 

100 

Where  A,  E,  F.  and  G  are  the  per  cent  by  weight  of  CO2,  CH4,  CO,  and  C2H4  from  the  gas 

analysis. 

3''11  A 
The  per  cent  of  this  carbon  contained  in  the  gas  as  CO2  is       ... — 

Its 

The  actual  weight  of  this  carbon  will  be     '    ,,  .^^  H  2.    Since  Tr2  is  the  total  weight  of  car- 

IF3  X  100 

bon  utilized,  from  the  fuel. 

One  pound  of  carbon  on  burning  produces  3%  lb.  of  CO2. 

W'2  X       '  ^^    ^^  X  3?3  =  total  weight  of  CO2  in  the  gas. 
Tf3  X  100 

Let  irs  =  the  specific  weight  of  CO2  at  62  deg.  and  30  in.  Hg.    See  Item  121-    The  standard 

volume  I's  of  CO2  will  therefore  be, 

AW2 ^ 

100  xwsx  m 

Let  this  volume  equal  a  per  cent  (from  the  volumetric  gas  analysis)  of  the  total  volume 
of  gas  delivered  by  the  producer.  The  total  volume  of  standard  gas  from  the  gas  analysis  is 
therefore 


GARLAND-KRATZ — TESTS  OF  A  SUCTION    GAS   PRODUCER      87 

100  Vs 
Vh 


7's 
A  X  W2 


hours 

Item 

127 

Item  51 

Item 

127 

Item 

54 

Item 

127; 

Item 

131 

hours  . 

Item 

131 

Item 

51 

Item 

131 

ax  WsX  Ws 

Item  126  therefore  equals 

Item  144  X  (Item  51  X  Item  61  —  Item  52  X  Item  68) 

0.116  X  Item  135  X  10.273  Item  144  +  0.75  Item  148  +  0.429  Item  145 +  0.858  Item  149) 

Item\27.    Item  126  should  be  used  as  a  check  on  Item  125.      The  difference  between  the  two 
values  should  not  exceed  5  per  cent.    Item  125  should  be  used  in  all  computations. 


Item  129  = 

Item  130  = 
Ite?n  131  = 
Ite7n  132  = 

Item  133  = 

Item  134  =    ^^ 

Item  54 

Item  135  to  143    From  chemist- 

Items  104.  The  relative  humidity,  or  per  cent  saturation  is  observed  by  means  of  a  hair  li  y- 
grometer.  This  may  also  be  obtained  from  a  wet  and  dry  bulb  thermometer,  and  a  set  of  psy- 
chrometric  tables. 

Item  105.    See  Kent,  page  484  for  weights  of  air  and  moisture. 
Letp  =  per  cent  saturation,  or  relative  humidity.  Item  104. 

n  =  weight  of  moisture  contained  in  one  cu.  ft.  of  saturated  air  at  the  observed  tem- 
perature, Item  29. 

— — -  =  weight  of  moisture  in  1  cu.  ft.  of  air  as  used. 

If  ?n    =  weight  of  1  cu.  ft-  dry  air  at  the  observed  temperature,  then 

Item  105  =      f^"'     X  100  =  -^^  =  Item  104  X  -^ 
100m  m  m 

This  formula  is  in  error  due  to  neglecting  the  vapor  pressure  of  water;  this  is.  however,  neg- 
ligible in  the  present  case. 

Item  82.    Observed- 

Item  83.    Observed. 

Item  84.  =  Item  82  —  Item  83. 

Item  86.  The  weight  of  water  decomposed  in  the  producer  is  evidently  9  times  the  weight 
of  hydrogen  formed,  since  1  lb.  of  water  on  decomposition  yields  1  lb.  of  hydrogen 
and  8  lb.  oxygen.  The  total  weight  of  hydrogen  formed  is  equal  to  the  total  weight  of 
free  hydrogen  appearing  in  the  gas,  plus  the  total  weight  of  hydrogen  appearing  in  the 
CH4  in  the  gas,  minus  the  total  weight  of  hydrogen  that  is  not  in  combination  with 
oxygen  in  the  coal. 

Item    86,  therefore,  equals 

9  [Item  131  (Item  147  +  0.25  Item  148)  —  Item  51  (Item  62  -  Ye  Item  eS)! 
■•  100  i 
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Item  87.  Owing  to  the  difficulty  in  obtaining  the  weight  of  moisture  in  the  gases  leaving 
the  prod  jeer  with  a  proper  degree  of  accuracy  by  the  use  of  a  dryer,  it  will  ordinarily  ne 
better  to  use  Item  86  for  this  item. 

Item  106.    Obtained  from  gas  analysis  by  weight.  Items  141  to  15i  inclusive. 

Let  A  =  per  cent  C02  Let  I)  =  per  cent  H2 

/i  =  per  cent  O2  E=  per  cent  CH4 

C  =  N2  per  cent  F  =  per  cent  CO 

1  2  3 

C  +  O2  =  COl'  C  +  0  =  C0  H2  +  0  =  H2O 

12  +  32  =  44  12+16=28  2+16=18 

.A+_^  =  ,  4-  +  ~  =  i  -|-  +  -o-  =  ' 

11  11  7  7  0  9 

From  equation  (l).  one  lb.  of  CO2  requires  Tr  lb.  of  Ofor  its  for  1  ation 

From  (2)  one  lb.  CO  requires  i  lb,  of  Ofor  its  formation. 

The  total  amount  of  O  appearing  in  1  lb  of  the  gas  is  therefore 


100 

This  O  comes  from  that  contained  in  the  air,  that  contained  in  the  coal,  and  from  the 
water  decomposed.  The  oxygen  contained  in  the  coal,  however,  is  supposed  to  be  united  with 
h.vdrogen,  and  is  therefore  contained  in  moisture,  which  has  been  allowed  for  in  the  water  de- 
composed. 

Let  W  =  total  weight  of  gas. 

Then  the  total  weight  of  O  used  is 


^   U  7  ' 


W  I    8^,4 
100 


Let  Wi  =  weight  of  wa  ,er  decomposed.    From  (3),  1  lb.  of  water  decomposed  lib- 

c 

erates  -r—  lb.  of  O. 

Q 

Weight  of  O  supplied  by  decomposition  of  water  =  —  -  W-i 

Let  PFs  =  total  weight  of  O  supplied  by  air. 
From  the  above  equation  we  have, 

(-?-  A  +  -^  F  +  b)  -^  =  -^  Wi  +  W-A. 
V  n  7  '    \00         9 

or  irs  =  JL/_^  A  +  ^-F+„)    --A_Tr2 (4) 

ux)  V  n  7  B/         g 

The  weight  of  air  used  is  therefore  —-^  since  the  proportion  by  weight  of  O  in  air  is 


0.23 
23,  or 

11'?, 


0.23 


-=^[-^(-^-+  +  -  +  «)-^-] 


.(5) 


Therefore  Item  106  =  ["^^T^-^  {-jr  ^^em  144  +  -y-  Item  145  +  Item  146) 

--f-XItemSr]^ (6) 

The  above  computation  may  be  made  from  the  weight  of  nitrogen  appearing  in  the  gas. 
The  nitrogen  comes  from  the  air  used  and  from  the  nitrogen  introduced  with  the  fuel. 
Let  Cper  cent  =  weight  of  N2  from  analysis. 
Let  ir  as  before  =  total  weight  of  gas, 
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Then      -    -  =  totiil  weitrhi  of  Nl'  in  the  jjas. 

The  weitrht  of  N-j  supplied  by  fuel  will  be  — —rr — .  where  Wi  equals  the  total  weight  of 
dry  coal  and  Hi  is  the  i>ev  cent  by  weight  of  Na  contained  in  the  coal.    We  have  therefore, 

OW        Wim 


+  W4 

100  100     ^ 


where  114  ;=  total  weitrht  of  N2  in  the  air 
The  weight  of  air  supplied  is  therefore 
Wi 
0.77 


^    UX)             100    /    0.77    ="'"'='  \^            -■;              / 
or  Item  U)6  ^  (Item  131  X  Item  152  -  Item  .51    <   Item 64)  -^:;;r '") 


The  weight  of  air  derived  by  formula  (6)  will  be  liable  to  error,  due  principally  to  the 
error  in  the  determination  of  the  total  (]uantity  of  water  decomposed,  which  may  be  large, 
and  also  to  the  neglecting  of  the  SOi'  formed. 

The  weight  determined  by  formula  (7)  will  be  in  error  due  principally  to  the  taking  of 
the  weight  of  N2  from  the  analysis  by  difference. 

The  results  obtained  from  formulae  (6)  and  (7)  should  check  within  5  per  cent. 

The  results  obtained  by  (7i  are  believed  to  be  more  accurate  and  will  be  used  in  all  com- 
putations. 

Jtetn  107.  This  may  be  obtained  direct  from  the  calibration  curve  of  the  orifice.  It 
should  be  compared  with  the  two  values  obtained  above. 

Item  108.      This  will  ordinarily  be  taken  from  Item  106. 
Item  108 


Item  109  = 

/fem  110  = 

/Urn  111    = 

/fem  112   =  ^ 

Item  131 

Hem    85    =  Item  84  +  Item  856  +  Item  She. 

Item  108  X  Item  105 


Hours 
Item  108 
Item  51 
Item  108 
Item  54 
Item  108 


Item  85b  = 
Hem  85r   = 


100 
Item  49  X  Item  50 


100 

Item    88   =  Item  85  —  Item  87 
Item  87 


item  108 
ftem  97  =  Observed 
Item    98  =  Observed 
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Item    99 

Item  84 
Hours 

Rem  100 

Item  99 
Item  11 

Hem  101 

Item  87 
Hours 

Item  102 

Item  85 
Hours 

Item  103 

Item  97 
Hours 

Item  115 

=  Item  114  X  Item  121 

Item  98  X  0.2205 

Item  116  =  =7 TTz 

Item  llo 

100  Item  88 
Item  117  =  —I — — 

Item  131 

Item  153    The  grate  efficiency  is  100  times  the  ratio  of  the  total  B.t.u.  in  the  fuel  minus  the 

B.t.u.  in  the  fuel  lost  through  the  grate;  to  the  total  B.t.u.  contained  in  the  fuel.    Therefore 

Item  51  X  Item  78  X  100  —  Item  52  X  Item  68  X  14540 

Item  153  = ~ ,,  ^  .^ — 

Item  ol  X  Item  78 

Item  154.  The  hot  gas  efficiency  is  100  times  the  ratio  of  the  total  heat  of  combustion  of  the 
gas,  plus  the  sensible  heat  of  the  dry  gas,  plus  the  total  heat  contained  in  moisture  in 
the  gas  to  the  heat  of  combustion  of  the  dry  coal,  plus  the  heat  given  by  the  entering 
air.  by  the  coal  as  sensible  heat,   and  by  the  moisture  or   steam  supplied  in  air. 

Item  154  =  100    ■}   Item  119  X  Item  127  +  Item  122  X  Item  131  ( Item  39  —  62°.)  +  Item  88 

[1116 -[-0.6  (Item  39  — 2121]  r  -^  Item  51  X  Item  78  4-  Heat  supplied  in  steam. 

The  heat  given  the  producer  by  air,  and  sensible  heat  in  coal  may  be  neglected  if 
the  room  temperature  is  within  20°  of  the  standard  temperature  62°.  With  a  producer 
of  the  contained  vaporizer  type  or  one  which  utilizes  the  sensible  heat  of  the  gas  to 
make  the  steam  the  term  "Heat  supplied  in  steam"  drops  out  of  the  equation. 
Item  155.  The  cold  gas  efficiency  is  100  times  the  ratio  between  the  total  heat  of  combustion 
of  the  gas,  to  the  total  heat  of  combustion  of  the  coal  plus  heat  supplied  from  out- 
Item  119  X  Item  127 


side  sources.    That  is.    Item  155  =  100- 


The  efficiency  based  on  100  'h  grate     efficiency 


Item  51  X  Item  78 

Item  155 


Item  158 


0.02  X  Item  127 
Item  97  X  1000 


62.5  X  Item  127  0.0625  X  Item  1?7 

HE.\T   BALANCE 
DEBIT 

Item  a.  Obtained  from  Item  78. 

Items  b,  c,  d,  e,  f.  Using  as  a  standard  the  temperature  of  62°  F.,  the  heat  given  to  the 
producer  by  the  items  h  to  /  inclusive  is  in  most  cases  negligible.  The  error  at  a  tem- 
perature of  100°  F.  is  less  than  1  per  cent  for  a  producer  of  the  contained  vaporizer  type. 
However,  the  formulas  will  be  given  for  computation  of  these  items. 

Item  b  -  Item  110  X  0.24  (  Item  30—  62°  F. ) 

Item  c  =  ^^^^  ^^^  ^'^^  ~  ^'^—^ where  H  =  the  total  heat  in  1  lb.  saturated 
Item  51 
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steam  at  the  temperature  of  the  Are  room. 

Item  •49  X  Item  50  ,  ,^       „„      .„o  „  , 

Item  (i  = I  Item  30  —  62   F.) 

100  X  Item  51 

Item  e  -  0.24  X  (Item  30  —  62°  F. ) 

Item  82  i  Item  33  —  62°  F. ) 


Htm  f  = 


Item  51 

CRKDIT. 

Item  a  =  Item  122  X  Item  133  X  (Item  39  —  62°  F. ) 

j^^^  ,  ^  Item  117  X  Item  133  ^^^^^^3g_,^,.^,   X  0.6  +  1116] 
lOU 

Hem  c  =  Item  119  X  Item  129 

"^'*"*  **  ^  Item  52  X  Item  68   X  145.40 
Item  51 

Item  €  This  is  Tery  small  and  may  be  neglected. 


Item  83 
[tern  51 

Item  0  =  Sum  of  Items  on  debit  side—  (Item  a  +  Item  6  +  Item  c  +  Itemd  -|- Items  #and/. ) 


Item/=  /;^"'°f  (Item  34  -  62°  F.  I 
Item  51 
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STREET  LIGHTING 

I.     Introduction 

1.  Preliminary. — It  is  the  purpose  of  this  bulletin  to  make 
available  information  concerning  street  illumination.  The  sug- 
gestion which  led  to  this  compilation  came  from  the  many  in- 
quiries received  by  the  Electrical  Engineering  Department  each 
year  from  those  interested  in  framing  ordinances  permitting  cor- 
porations or  individuals  to  operate  street  lighting  systems.  An 
attempt  has  been  made  to  present  this  information  in  such  a  form 
as  to  be  readily  understood  by  the  general  public,  without  requir- 
ing any  special  technical  knowledge.  The  data  have  been  compiled 
from  reliable  sources,  and  checked  in  many  instances  by  tests 
conducted  by  the  writers. 

This  bulletin  is  designed  to  be  of  assistance  to  central 
station  superintendents,  and  to  the  general  public  in  selecting  the 
proper  lamp  and  fixing  the  charge  for  the  same.  It  is  also  designed 
to  be  of  value  to  the  illuminating  engineer  and  to  the  manufac- 
turer, and  in  clearing  up,  or  perhaps  in  preventing  misun- 
derstandings, which  so  frequently  arise  between  municipalities 
and  power  companies.  These  misunderstandings,  being  usually 
the  outcome  of  imperfect  knowledge  of  the  effectiveness  and 
limitations  of  ordinary  street  lighting  units,  may  readily  be  pre- 
vented if  specifications  and  contracts  be  made  definite  and  clear. 

Many  contracts  are  based  upon  the  rates  charged  in  cities  of 
about  the  same  size  for  the  same  class  of  service,  regardless  of  the 
comparative  operating  cost  of  the  installation  in  each  case.  Many 
companies  do  not  compute  the  cost  of  any  one  particular  branch  of 
their  service,  but  are  satisfied  if  their  total  yearly  balance  shows 
a  profit.  Other  companies,  while  knowing  the  cost  of  operation 
of  the  street  lights,  are  still  governed  by  the  prevailing  rate  in 
similar  cities.  Thus  it  is  that  some  companies  may  furnish  the 
light  to  the  city  streets  at  an  actual  loss,  but  are  compensated  for 
this  loss  by  special  privileges  in  other  branches  of  the  service. 
It  is  believed  by  the  writers  that  fewer  misunderstandings  would 
arise  between  the  consumer  and  the  company  if  each  branch  of 
service  received  its  proper  compensation. 
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This  bulletin  is  also  designed  to  show  that  the  same  type  of 
light  will  nob  serve  equally  well  for  the  illumination  of  all  classes 
of  city  streets;  and  that  certain  accepted  standard  spacings 
of  lights  can  never  produce  adequate  and  economical  street 
illumination. 

II.  Production  of  Light 

2.  General  Theory. — Probably  the  most  familiar  form  of 
illuminant  is  the  flame.  At  least,  this  is  the  earliest  historical 
form.  In  the  flame,  the  light  is  produced  by  small  particles  of 
carbon  being  brought  to  a  temperature  at  which  they  will  unite 
with  the  oxygen  of  the  air.  The  heat  which  gives  to  these 
particles  their  incandescence  comes  from  the  union  of  the  various 
compounds  in  the  combustible  with  the  oxygen.  If  the  flame  is 
cooled  in  any  manner,  the  carbon  will  deposit  in  the  form  of  soot 
before  it  reaches  a  sufficient  temperature  to  burn.  If  enough  air 
be  mixed  with  the  gas  formed  by  the  heated  illuminant  to  con- 
sume the  compounds,  an  almost  non-luminous  flame  results. 
Thus  the  alcohol  flame  is  nearly  non-luminous;  as  is  also  that  of 
the  oxyhydrogen  flame  and  the  Bunsen  burner.  It  is  well- 
known  that  non-luminous  flames  may  be  made  luminous  by  the  in- 
troduction of  some  foreign  substance  which  need  not  necessarily 
be  consumed;  of  such  character  is  the  Welsbach  burner. 

In  the  Welsbach  burner,  another  interesting  phenomenon 
takes  place.  If  the  substance  being  heated  is  of  a  certain  char- 
acter, which  is  represented  by  carbon,  a  combination  of  colors  is 
obtained  for  a  given  temperature.  This  is  known  as  white 
light.  If,  however,  the  substance  be  some  one  of  the  metals, 
certain  of  the  colors  will  be  more  pronounced;  i.  e.,  not  all  sub- 
stances give  off  the  same  color  when  heated  to  the  same  tem- 
perature in  a  flame.  This  phenomenon  is  known  as  selective  radia- 
tion. Use  is  made  of  this  in  the  newer  forms  of  illuminants 
in  producing  more  light  for  a  giyen  amount  of  power  or  of  illu- 
minant. In  the  Welsbach  burner,  thoria  and  seria  are  spread 
upon  a  thin  web  of  heat  resisting  material.  These  compounds, 
when  heated  to  the  high  temperature  of  the  gas  flame,  give  off 
a  much  greater  amount  of  light  than  would  be  given  by  carbon  at 
the  same  temperature.  Many  other  metals  display  this  property 
to  a  greater  or  less  extent.  In  this  field,  lie  the  recent  advances 
in  the  development  of  arc  lights. 

3.  The  Incandescent  Lamp. — In  the  incandescent  lamp,  light 
is  produced  by  a  fine  filament  or  wire  of  some  material,  heated  to 
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incandescence  by  a  curi'ent  of  electricity.  Formerly,  all  such 
lamps  were  made  with  filaments  of  carbon.  These  were  followed 
by  metallized  filaments,  and  later  by  tantalum  and  tungsten,  the 
latter  being  now  used  in  the  form  of  a  drawn  wire.  All  of  these 
lights  have  their  filaments  in  a  vacuum  to  prevent  rapid  oxidation 
of  the  material,  and  also  to  prevent  the  heat  from  being  conducted 
away  from  the  filament  as  rapidly  as  it  would  be  in  air  or  any 
dense  gas.  Such  lamps  are  made  for  house  lighting  and  street 
lighting.  * 

4.  The  Arc  Lamp. — ia)  If  two  pieces  of  conducting  material 
be  connected  in  an  electrical  circuit  with  their  ends  touching,  and 
these  ends  be  separated  slowly,  a  spark  will  be  seen  between 
them.  If  the  voltage  of  the  circuit  be  sufficient,  portions  of  the 
terminals  will  be  burned  away,  forming  a  vapor  between  them. 
This  vapor  is  in  itself  a  conductor,  and  current  will  continue  to 
flow,  even  though  the  terminals  are  rather  widely  separated. 
Light  will  also  be  given  off  from  the  electrodes  and  the  arc 
stream,  thus  giving  the  arc  light. 

In  the  earlier  forms  of  arc  lamp,  plain  carbon  rods  were 
commonly  used  for  the  terminals,  or  electrodes,  as  they  are 
called.  The  voltage  to  be  used  across  a  given  lamp,  and  the  cur- 
rent necessary,  are  so  determined  for  each  type  as  to  produce  the 
proper  characteristics.  The  old  direct  current  open  arc  lamp  re- 
quired about  50  volts  and  took  9.6  amperes.  This  lamp  was 
known  as  the  "full  arc"  or  2000  "nominal  candle-power"  lamp. 
"A  half  arc"  lamp  using  6.6  amperes,  known  as  the  1200  "nominal 
candle-power"  lamp,  was  also  used  to  a  considerable  extent.  In 
any  given  type  of  lamp,  the  amount  of  light  and  the  consumption 
of  the  carbons  depend  upon  the  current  used  and  the  size  of  the 
carbons.  The  light  given  off  by  an  arc  light  proceeds  partly  from 
the  electrodes  and  partly  from  the  vapor  or  arc  stream. 

ib)  In  the  direct  current  open  arc,  most  of  the  light  comes 
from  a  crater  formed  in  the  positive  electrode.  The  upper  elec- 
trode is  made  positive  to  throw  most  of  the  light  in  a  downward 
direction,  i.  e.,  in  the  lower  hemisphere.  Only  about  five  per 
cent  of  the  light  comes  from  the  arc  stream.  The  voltage  across 
such  a  lamp  must  be  increased  when  the  arc  is  lengthened,  but 
not  directly  in  proportion  to  the  distance  between  the  electrodes. 
This  is  due  to  the  fact  that  nearly  a  constant  value  of  electro- 
motive-force is  consumed  in  vaporizing  the  electrode  material. 

*Te3is  OQ  multiple  burning  lamps  of  different  classes  have  been  made  by  the  Electrical 
Engineering  Department,  and  reported  in  Engineering  Experiment  Station  Bulletins  No.  19 
and  33. 
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Since  any  energy  used  in  the  arc  stream  produces  but  little  light 
and  lowers  the  efficiency,  it  is  desirable  to  use  as  short  an  arc  as 
possible  without  cutting  off  too  much  of  the  light.  A  long  arc  is 
also  more  difficult  to  maintain  steady  on  account  of  the  influence 
of  air  currents.  The  electrodes  in  such  an  arc  are  consumed 
rapidly;  the  positive  being  consumed  about  twice  as  fast  as  the 
negative.  From  1.5  to  2.0  in.  of  positive  electrode  are  consumed 
each  hour.  Such  a  lamp  must  be  trimmed  each  day,  i.  e.,  the 
electrodes  must  be  replaced,  entailing  expense  in  labor  and  ma- 
terial. 

(c)  The  rapidity  of  the  consumption  of  the  electrodes  in  an 
open  arc  is  due  to  their  oxidation  in  the  air.  In  order  to  lengthen 
the  life,  or  number  of  hours  of  burning,  of  the  electrodes,  and  de- 
crease the  expense  due  to  trimming,  the  enclosed  arc  lamp  was 
invented.  In  such  a  lamp,  the  arc  is  produced  as  in  the  open  arc 
between  carbon  electrodes.  It  is,  however,  enclosed  in  a  nearly 
air-tight  chamber  of  glassware  known  as  the  inner  globe,  to  dis- 
tinguish it  from  the  much  larger  outer  globe  used  on  nearly  all 
arc  lamps.  The  air  being  excluded  the  electrodes  are  consumed 
slowly,  their  life  averaging  about  100  hrs.,  or  about  10  times  that 
of  the  open  arc.  However,  more  expensive  electrodes  must  be 
used,  since  they  must  fit  quite  closely  into  a  gas  cap  at  the  top 
of  the  inner  globe,  and  yet  be  fed  by  the  mechanism  with  perfect 
freedom.  Forced  carbons  are  used  in  enclosed  arcs  and  moulded 
carbons  in  open  arcs.  Enough  air  must  be  introduced  into  the 
inner  globe  of  such  a  lamp  to  consume  all  the  carbon  volatilized 
by  the  arc,  in  order  that  it  shall  not  deposit  on  the  interior  of  the 
inner  globe  and  shut  in  the  light,  lowering  the  efficiency  of  the 
lamp. 

(d)  Later  improvements  in  the  production  of  light  from  an 
arc  lamp  consist  in  securing  more  light  from  the  arc  stream. 
This  has  been  accomplished  by  impregnating  the  electrodes  with 
some  metallic  salt.  The  light  from  an  arc  stream  of  pure  carbon 
is  purplish  in  color,  but  since  it  comprises  such  a  small  propor- 
tion of  the  total  light  from  the  lamp,  its  effect  is  scarcely  notice- 
able except  when  colors  are  being  matched.  Salts  of  certain 
metals,  such  as  calcium,  strontium,  barium,  titanium,  sodium, 
etc.,  give  their  own  characteristic  color  to  the  light,  raising  its 
efficiency  by  luminescence.  These  salts  tend  to  make  the  arc 
unsteady  or  flickering,  necessitating  the  introduction  of  other 
compounds  to  steady  the  light.  Arc  lamps  using  impregnated 
electrodes  are  known  as  flame  arcs.     When  magnetite  is  used  for 
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one  of  the  electrodes,  the  lamp  is  called  a  magnetite  or  luminous 
arc,  the  latter  being  a  trade  name.  Magnetite,  containing  iron, 
furnishes  the  conducting  material  in  the  arc  stream.  Most  of  the 
light  is  produced  by  a  compound  containing  titanium,  which  is 
mixed  with  the  magnetite.  The  electrode  consists  of  a  thin  iron 
tube  into  which  ground  magnetite,  titanium  oxide,  and  chromite 
are  packed.  The  magnetite  melts,  volatilizes,  and  carries  with 
it  the  titanium.  The  chromite  is  used  to  absorb  the  fluid  magne- 
tite and  steady  the  arc. 

The  electrodes  in  a  flame  arclamp  are  consumed  very  rapidly. 
Even  with  long  electrodes  (14  to  18  in.),  they  do  not  last  more 
than  one  night,  or  about  10  to  17  hours.  The  magnetite  elec- 
trode, on  the  other  hand,  lasts  from  85  to  200  hours,  depending 
upon  the  current  used.  Since  the  electrodes  contain  considerable 
quantities  of  foreign  impregnating  materials  which  are  not  con- 
sumed in  the  arc,  it  is  impossible  to  apply  an  ordinary  inner  globe 
to  such  a  lamp.  In  fact,  a  draft  tube  or  chimney  is  usually  em- 
ployed to  carry  away  the  products  so  that  they  are  not  deposited 
on  the  outer  globe.  It  is  obvious  that  such  an  opaque  deposit 
would  shut  in  most  of  the  light  after  the  lamp  had  operated  a 
short  time. 

In  the  long  burning  flame  arc,  an  attempt  has  been  made  to 
partially  enclose  the  arc.  Such  a  lamp  has  a  fairly  close  fitting 
inner  globe  and  a  condensing  chamber.  The  gases  pass  first 
from  the  arc  to  the  cool  condensing  chamber,  where  they  deposit 
the  foreign  material.  They  return  along  the  sides  of  the  inner 
globe  by  natural  draft.  Otherwise  the  operation  is  similar  to 
that  of  the  enclosed  arc  lamps.  The  electrodes  have  a  life  of 
about  70  hours  with  ordinary  current  densities. 

III.     Systems  of  Distribution 

5.  Series. — There  are  two  systems  of  electrical  distribution, 
series  and  multiple.  The  series  system  is  almost  universal  for 
street  lighting.  Either  direct  or  alternating  current  may  be  used 
on  either  of  these  systems.  Certain  types  of  arc  lamps  will  oper- 
ate on  either  direct  or  alternating  current,  others  on  direct  cur- 
rent only.  In  the  direct  current  system,  the  current  always  flows 
in  the  same  direction,  i,  e.,  from  the  positive  terminal  of  the 
generator  through  the  external  circuit,  and  back  to  the  negative 
terminal  of  the  generator.  In  the  alternating  current  system, 
the  direction  of  flow  of  current  changes  very  rapidly,  and  the 
electrodes  of  a  lamp  must  change  in  polarity  at  the  same  time  as 
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that  of  the  circuit.  In  a  60-cycle  alternating  current  circuit,  the 
polarity  changes  120  times  per  second.  It  is  obvious  that  the 
current  must  be  zero  at  some  instant  during  the  change.  Hence 
the  conducting  path  must  have  a  low  enough  resistance  to  allow 
the  current  to  pass  again  easily.  In  order  to  produce  sufficient 
conducting  material  for  an  alternating  current  arc,  one  or  both 
of  the  electrodes  is  made  hollow,  and  filled  with  a  softer  and 
more  volatile  substance  in  the  form  of  a  continuous  core.  These 
electrodes  are  slightly  more  expansive  than  those  used  in  the 
direct  current  lamps. 

For  street  lighting,  lamps  are  usually  operated  in  series,  i.  e., 
the  same  current  passes  from  the  station  through  all  the  lamps 
in  one  group  or  circuit  and  back  to  the  station.  Apparatus  is 
provided  at  the  station  to  keep  the  current  constant  for  each  cir- 
cuit of  lamps.  The  mechanism  of  the  lamp  regulates  the  arc 
length  and  holds  the  voltage  across  the  arc  constant.  This  me- 
chanism must  also  be  able  to  start  the  lamp  at  anytime,  or  to 
cut  it  out  of  service  without  breaking  the  circuit,  if,  for  any 
reason,  the  lamp  is  inoperative,  as  any  break  in  the  circuit  will 
cut  out  all  the  lamps  of  that  circuit. 

6.  Multiple. — The  first  machines  for  supplying  electrical 
energy  from  central  stations  were  for  the  production  of  direct 
current.  These  machines  were  nearly  always  made  to  supply 
power  to  incandescent  lamps  at  a  low  potential,  about  100  volts. 
They  were  unsuitable  for  operating  more  than  two  arc  lamps  in 
series.  Accordingly,  direct  current  arc  light  generators  were 
devised.  Many  of  the  early  types  are  still  in  use  with  very  little 
change  from  the  first  design.  When  only  direct  current  is  avail- 
able from  a  station,  it  is  necessary  to  provide  a  separate  machine 
for  the  arc  lights,  since  there  is  no  means  of  changing  low  vol- 
tage direct  current  to  a  higher  voltage.  These  machines  can 
not  be  used  to  assist  the  low  voltage  machines  in  times  of  emer- 
gency. They  thus  form  an  additional  investment  and  source  of 
expense  to  the  station  for  repairs. 

Upon  the  introduction  of  alternating  current  generators  and 
systems  of  distribution,  direct  current  was  driven  out  of  the  field 
where  power  must  be  transmitted  for  any  considerable  distance, 
on  account  of  the  fact  that  alternating  currents  may  be  trans- 
formed from  one  voltage  to  another  readily  and  with  very  little 
loss.  With  low  voltage  distribution,  a  large  investment,  and 
consequent  high  fixed  charge  is  required,  due  to  the  heavy  cop- 
per conductors  necessary  for  efficient  transmission.       Since  the 
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greater  part  of  the  load  on  most  central  stations  is  due  to  incan- 
descent lamps  operated  on  multiple  circuits,  it  was  found  desir- 
able to  install  apparatus  of  constant  voltage  for  their  supply. 
Alternating  current  arc  lamps  were  readily  devised,  and  the  di- 
rect current  arc  light  generators  were  replaced  by  regulators  or 
by  constant  current  transformers,  thus  reducing  the  cost  of  sta- 
tion equipment. 

Alternating  current  arc  lamps  are  not  as  efficient  light  pro- 
ducers as  direct  current  arc  lamps,  but  the  combination  of  alter- 
nating current  arc  lamps  and  regulators  is  more  desirable  than 
separate  direct  current  arc  light  machines.  Recently,  rectifiers 
have  been  invented  to  convert  constant  alternating  current  into 
constant  direct  current,  so  that  nearly  any  type  of  lamp  may  be 
operated  with  fair  efficiency  and  continuity  of  service  from  an 
alternatmg  current  constant  potential  generator.  This  has  led  to 
increased  activity  in  the  perfection  of  direct  current  arc  lamps 
for  street  lighting.  Thus,  to  operate  constant  alternating  cur- 
rent arc  lamps  from  a  central  station  supplying  constant  poten- 
tial alternating  current  for  multiple  incandescent  lighting,  there 
will  be  required  additional  equipment  of  arc  light  transformers  or 
regulators.  To  operate  direct  current  arc  lamps  from  such  a 
station  requires  the  same  equipment  as  for  alternating  current 
lamps  and  the  addition  of  a  rectifier  outfit  for  each  group  of 
lamps;  or  separate  direct  current  arc  light  generators  must  be 
installed.  Series  incandescent  lamps  may  be  operated  on  either 
of  these  circuits. 

A  standard  voltage  of  110  volts  has  been  adopted  for  use  on 
multiple  lighting  circuits.  Since  arc  lamps  by  their  characteristics 
require  considerably  less  voltage,  some  device  must  be  used  in 
series  with  the  arc  on  multiple  arc  lamps  to  limit  the  current  to. 
the  proper  value.  Any  such  device  entails  a  considerable  loss . 
In  D.  C.  lamps,  this  loss  is  proportional  to  the  differences  between., 
the  line  and  arc  voltage,  multiplied  by  the  current  flowing.  Whert. 
the  line  voltage  is  a  little  greater  than  twice  the  arc  voltage  twa 
arcs  may  be  operated  in  series.  This  method  is  not  satisfactory, 
since  if  one  arc  goes  out,  it  extinguishes  the  other  in  series  with 
it,  or  some  complicated  mechanism  must  introduce  a  resistance 
capable  of  absorbing  the  same  voltage  as  one  arc  lamp. 

In  an  A.  C.  system,  a  device  known  as  a  reactance  coil  may 
be  used  to  reduce  the  voltage,  at  the  same  time  absorbing  only  a 
nominal  amount  of  power,  not  over  10%  of  the  lamp  watts.  Such 
a  device,  however,  introduces  other  undesirable  factors  into  the 
circuit. 


10  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

The  reason  for  using  series  instead  of  multiple  lights,  is  partly- 
due  to  the  less  efficient  lamps,  and  partly  to  the  larger  and  much 
more  expensive  conductors  required  for  the  multiple  system. 
The  current  for  each  group  of  lamps  may  be  carried  over  a  rather 
small  size  of  conductor,  without  regard  to  the  number  of  lamps 
in  circuit,  if  they  are  all  connected  in  series.  A  No.  8  B  &  S  gauge 
wire  would  be  of  sufficient  current  carrying  capacity.  Some  com- 
panies, however,  use  No.  6  or  No.  4  on  account  of  the  greater 
mechanical  strength  when  open  wiring  is  used.  If  the  same 
number  of  lamps  were  fed  over  a  multiple  circuit,  several  times 
the  amount  of  money  would  have  to  be  invested  in  copper,  making 
a  more  expensive  and  less  efficient  installation. 

IV.     Photometry  and  Illumination 

7.  Photometry. — The  accurate  photometric  measurement  of 
the  intensity  of  light  from  an  arc  lamp  is  very  difficult  to  make 
even  with  the  facilities  of  the  best  laboratories.  This  is  due  to 
the  unsteadiness  of  the  light.  Devices  have  been  made  for  de- 
termining the  mean  spherical  intensity  of  such  lights  at  one  set- 
ting. These  devices  are,  however,  very  expensive,  and  are 
beyond  the  means  of  most  central  station  laboratories.  The  dis- 
tribution curves,  as  published  by  many  different  writers,  are 
usually  quite  reliable.  They  are  sufficiently  accurate  for  calcula- 
ting street  illumination.  Such  curves  are  illustrated  in  the  follow- 
ing pages. 

It  must  be  remembered  in  these  comparisons  that  most  curves 
are  taken  in  a  laboratory  where  the  lamp  is  kept  in  proper  adjust- 
ment throughout  the  test,  and  the  glassware  carefully  cleaned. 
The  actual  illumination  received  from  such  lights,  when  in  con- 
tinuous service,  and  with  ordinary  care  in  trimming,  does  not 
average  over  80  per  cent  of  the  laboratory  values.  This  loss  of 
light  is  due  to  dirt  on  the  glassware,  deposit  on  the  inner  globe 
of  enclosed  lamps,  and  lack  of  adjustment  of  the  mechanism  due 
to  wear,  corrosion,  etc.  On  the  whole,  illumination  readings  of 
actual  installations  are  much  more  reliable,  if  made  with  sufficient 
care. 

8.  The  X  Value. — There  is  great  need  of  a  new  standardiza- 
tion of  the  method  of  specifying  street  illumination  in  this  country. 
In  1907,  the  National  Electric  Lamp  Association  adopted  a  stand- 
ard specification  for  street  lights.  Comparative  tests  of  the 
illumination  thrown  upon  the  street,  at  distances  of  between  200 
and  300  ft.  from  the  arc,  were  made  upon  the  various  street  lights 
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then  in  use.  From  these  values,  a  factor  known  as  the  "X"  value 
of  the  lamp  was  computed.  The  X  value  shows  the  relation  be- 
tween the  illumination  from  the  lamp  in  question,  and  that  given 
by  a  standard  16  candle  power  incandescent  lamp  at  1/X  of  the 
distance.  Thus,  for  example,  an  arc  lamp,  having  an  X  value  of 
4,  gives  the  same  illumination  as  a  16  candle  power  incandescent 
lamp  at  i  the  distance,  and  a  lamp  having  an  X  value  of  5  gives 
the  same  illumination  as  the  16  candle  power  incandescent  lamp 
at  }  the  distance.  Thus  a  lamp  which  has  an  X  value  of  5,  at  a 
distance  of  250  ft.,  gives  the  same  illumination  as  a  16  candle 
power  incandescent  lamp,  at  a  distance  of  50  ft.  With  the  advent 
of  the  demand  for  brighter  illumination  in  this  country,  necessita- 
ting closer  spacing  of  the  lamps,  this  specification  is  no  longer  a 
measure  of  the  value  of  the  lamp.  Other  methods  of  specification 
used  in  different  countries,  or  by  different  engineers,  include 
horizontal  illumination  on  a  plane  about  four  feet  above  the  street 
surface,  illumination  on  a  vertical  plane  at  a  given  point,  and 
illumination  on  a  plane  normal  to  the  rays  of  light  from  the  lamp 
and  at  various  distances. 

As  will  be  shown  later,  the  illumination  on  the  street  surface 
depends  not  only  upon  the  light  at  a  certain  angle,  but  upon  the 
distribution  of  light  about  the  arc  at  all  angles,  and  upon  the 
height  and  spacing  of  the  lamps.  The  specification  of  the  illumi- 
nation should  also  include  the  distribution  of  light  about  the  lamp 
for  a  given  condition.  The  amount  and  character  of  the  illumi- 
nation required  depends  upon  the  character  of  the  street  surface 
and  the  use  made  of  the  street.  Thus  a  lamp  with  a  good  X  value 
may  be  suitable  for  lighting  one  street,  but  wholly  unsuitable  for 
another. 

9.  Measurement  of  Illumination. — Since  the  light  from  any 
one  arc  lamp  varies  continuously  on  account  of  the  arc  shifting 
about  on  the  ends  of  the  electrodes,  it  is  difficult  to  arrive  at 
accurate  results  in  the  measurement  of  street  illumination..  In 
thoroughfares  where  several  arcs  per  pole  or  incandescent  lamps 
are  used,  the  illumination  is  much  more  steady.  The  illumination 
may  be  measured  by  some  form  of  illuminometer.  Where 
accurate  results  are  not  necessary,  some  form  of  reading  photom- 
eter may  be  used.  Such  an  instrument  is  shown  in  section  in 
Fig.  1.  The  observer  stands  with  his  back  toward  the  light,  and 
looks  into  the  photometer  through  the  aperture  A,  his  eyes  being 
shielded  from  other  lights.  The  illumination  to  be  measured  is 
that  upon  the  surface  C,  which  is  a  card  containing  lines  of  letters 
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or  characters  of  varying  boldness.     Such  a  card  is  illustrated  in 
Pig.  2.     The  light  which  falls  on  the  surface  C  comes  into  the 


Fig.  1.    Section  op  a  Eeadixg  Photometer 

Amhof  dirito  amritu,  Lisno 

laese  pemrane  odo  Ulay 

Foresca  1598720  woleb  noitaidar. 

Ybod  ergy  may  Pewos  ex  Idetnera,  bsor 

poge  Morf  Tenscerophop  Wardog;  Omsk  whykow 

efforau  tespo  ygnew  col  Brispo  Monas 

albo  darmosphor?    Cottef  vol  Demno  myo  36802  Eibtomy,  quot  Hiaworu 
pio  Nio  cuguab  Qaphlaqua  II  530  K  b  n  q:  207  Lloysir  baraka  nunc,  citS 

Viamura  W  x  4  zoliaq  ka,ma  nainbosi  erianoscum.    Zaraz  diUym  fore  ik  yiquia  Fumnc. 

Fig.  2.    Sample  Card  for  Reading  Photometer 

photometer  through  the  tube  B.  The  line  of  type  on  the  card  is 
so  selected  as  to  show  the  small  characters  dimly  or  blurred,  while 
the  large  characters  and  capitals  remain  clear-cut.  The  distance 
from  the  observer  to  the  light  is  also  measured. 
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By  previously  calibrating  the  instrument  by  comparison  with 
a  standard  lamp,  values  of  illumination  may  be  determined  with 
an  accuracy  of  from  5  to  10  per  cent,  depending  upon  the  intensity 
of  the  illumination  to  be  measured.  Calibration  is  performed  by 
finding  the  distance  from  the  standard  light  at  which  the  different 
lines  of  characters  may  be  read.  The  illumination  in  foot  candles 
may  be  computed  from  the  candle  power  of  the  lamp  and  from  the 
distance  in  feet  as  follows.  Suppose  the  lamp  giving  16  candle 
power  to  be  in  a  horizontal  position,  and  suppose  the  distance 
from  the  lamp  to  be  4  ft.  Then  since  the  illumination,  from  a 
small  object  as  a  source,  varies  inversely  as  the  square  of  the 
distance,  the  illumination  would  be  V^  ==  1,  or  one  foot  candle. 
This  instrument  measures  the  illumination  on  a  normal  plane. 
To  reduce  the  illumination  to  that  on  a  horizontal  plane,  these 
values  must  be  multiplied  by  the  cosine  of  the  angle  between  this 
plane  and  the  street  surface  at  that  point.  This  form  of  illumi- 
nometer  is  inexpensive  and  may  be  constructed  in  any  carpenter 
shop.  Other  more  expensive  illuminometers  are  on  the  market 
which  are  more  accurate,  but  are  also  more  difficult  to  operate. 
Unless  there  is  considerable  reflection  from  buildings,  the  street 
illumination  may  be  calculated  quite  approximately^  from  the  light 
distribution  curve  of  the  lamp,  its  height  and  the  distance  from 
its  base  to  the  point  considered,  as  will  be  explained  later. 

10.  Distribution  Curves. — On  the  following  pages  will  be 
found  the  distribution  curves  of  the  more  common  lamps  used  for 
street  lighting.  Data  for  the  distribution  curves  are  obtained  by 
measuring  the  candle  power  at  different  angles  in  a  vertical  plane 
about  the  lamp  by  means  of  a  photometer.  In  such  a  device,  the 
lamp  to  be  measured  is  compared  with  a  standard  lamp.  This  com- 
parison is  difficult  to  make  for  an  arc  lamp  on  account  of  the  high 
intensity  of  the  light  in  some  directions,  and  the  continual  shifting 
about  of  the  arc  on  the  electrodes,  with  the  consequent  change  in 
the  distribution.  The  color  of  the  light,  in  some  instances  differing 
from  that  of  the  comparison  lamp,  makes  the  determination  more 
difficult.  Special  and  expensive  apparatus  must  also  be  used  for 
obtaining  the  intensity  at  different  angles.  The  results  of  such 
determinations  are  shown  in  Fig.  3,  4,  5  and  6.  A  complete  circle 
is  divided  into  360°,  and  radii  are  drawn  at  convenient  angles. 
On  these  radii,  the  intensity  in  candle  power  is  laid  off  at  con- 
venient scale.  The  points  thus  determined  are  connected  by  a 
smooth  curve  known  as  the  "distribution  curve".  The  candle 
power  in  any  direction  in  a  vertical  circle  is  the  length  of  the 
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radius,  at  that  angle,  intercepted  by  the  curve,  multiplied  by  the 
candle  power  scale.  The  distribution  in  a  horizontal  plane  through 
the  source  is  usually  a  circle;  so  that  the  distribution  in  one  verti- 
cal plane  represents  the  lamp  distribution  with  sufficient  accuracy. 

Since,  in  street  lighting,  only  the  light  thrown  downward,  i.  e. , 
in  the  lower  hemisphere,  is  useful  for  illumination,  only  that  por- 
tion of  the  curve  is  shown.  All  light  in  the  upper  hemisphere  is 
wasted  unless  a  reflector  is  used  to  divert  these  beams  into  useful 
directions.  In  order  to  save  space  and  allow  a  larger  scale,  only 
one-half  the  lower  hemisphere  is  shown  in  this  bulletin,  the  other 
being  exactly  like  it. 

In  Fig.  3,  A  is  the  distribution  curve  from  a  9.6  amperes,  di- 
rect current  open  arc  lamp.     It  will  be  seen  that  the  maximum 
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Fig.  3.    Distribution  Curves  of  Arc  Lamps  with  Clear 
Outer  Globes 


A.  9.6  Amperes,  D.  C.  Open  Arc- 

B.  6.6  Amperes.  D.  C.  Magnetite  Arc. 

C.  4      Amperes.  D.  0.  Magnetite  Arc. 
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intensity  is  at  45°  from  the  vertical  axis.  The  ray  in  this  direc- 
tion will  strike  the  ground  at  a  distance  equal  to  the  height  of  the 
lamp  above  the  street  surface.  The  light  from  this  lamp  comes 
mostly  from  the  crater  in  the  upper  or  positive  electrode.  The  arc 
being  short,  the  shadow  cast  by  the  lower  electrode  will  cover  a 
considerable  angle,  as  seen  in  Fig.  7.  The  source  of  light  being  a 
small  area,  its  intrinsic  brilliancy,  or  candle  power  per  sq.  in.,  is 
of  necessity  very  high.  Shadows  from  the  side  rods  and  lower 
carbon  of  the  lamp  are  also  more  or  less  annoying,  because  they 
are  so  much  magnified  on  the  surface  of  the  ground. 

In  the  enclosed  direct  current  arc  lamp,  the  curve  for  which 
is  shown  in  Fig.  4  as  C,  the  same  shadow  from  the  lower  electrode 
appears,  but  it  is  not  so  intense  on  account  of  the  fact  that  the 
curve  is  modified  by  the  presence  of  the  inner  globe;  the  arc  also 

Z50  500  750 


Fig.  4.    Distribution  Curves  of  Arc  Lamps 

A.  6.6  Amperes  A  C-  Enclosed,  Opal  Inner.  Clear  Outer  Globe. 

B.  7.5  Amperes  .\.  C.  Enclosed,  Opal  Inner,  Clear  Outer  Globe. 

C.  6.6  Amperes  D.  C.  Enclosed.  Opal  Inner,  Clear  Outer  Globe- 
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is  longer.  The  globe  absorbs  some  of  the  light,  and  also  becomes 
a  secondary  source  of  light,  making  the  intensity  less  in  the  max- 
imum direction  and  greater  in  other  directions  and  at  wider  angles. 

In  the  alternating  current  enclosed  arc  lamp,  as  much  light 
is  thrown  in  the  upper  hemisphere  as  in  the  lower,  since  craters 
are  formed  alternately  in  the  upper  and  the  lower  electrodes.  A. 
reflector  or  shade  should  be  used  always  with  such  a  lamp,  to 
return  as  much  of  the  light  as  possible  to  the  lower  hemisphere. 
Two  curves  for  such  lamps  are  shown  as  A  and  B  in  Fig.  4,  A 
being  for  a  6.6  amperes  lamp,  and  B  for  a  7.5  amperes  lamp. 

In  the  flame  arc  lamp,  the  distribution  curve  depends  upon 
whether  the  arc  is  formed  between  vertical  electrodes,  as  shown 
in  Fig.  8,  or  between  inclined  electrodes  as  shown  in  Fig.  9.  In 
the  latter  case,  the  light  will  all  be  in  a  downward  direction  and 
strongest  immediately  below  the  light,  as  in  B,  Fig.  5.  When. 
1000  2000  3000 


Fig.  5.    Distribution  Curves  of  Arc  Lamps 

A.  Lontf  Burninfc  Flame.  5.5  Amperes.  D.  C. .  Clear  Inner  and  Clear  Outer  Globe. 

B.  Inclined  Electrode  .Short  Burning  Flame,  10  Amperes  D.C..  Clear  Outer  Globe. 

C.  Long  Burning  Flame,  5.5  Amperes,  D.  C,  Clear  Inner,  Opal  Outer  Globe. 
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vertical  electrodes  are  used,  the  light  will  be  about  equal  in  each 
hemisphere,  but  may  be  modified  by  use  of  the  shade. 


+ 


Fig.  7.    Typical  Distribution  Curve 
OF  D.  C.  Open  Arc  Lamp 


Fig.  8.    Typical  Distribution  Curve  of 
Vertical  Electrode,  Flame  Arc  Lamp 
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The  distribution  curv^e  for  a  tungsten  series  incandescent 
light  is  similar  in  shape  to  that  shown  in  Fig.  8,  or  in  A,  Fig.  6, 
which  is  the  distribution  curve  for  a  rated  200  candle-power  lamp. 
Various  shades  and  reflectors  have  been  developed  for  use  with 
these  lamps.  They  vary  from  a  22-in.  enamel  reflector,  giving  a 
distribution  as  shown  in  B,  Fig.  6,  or  the  radial  reflector  with 
its  curve  C,  Fig.  6,  and  various  unsymmetrical  reflectors  throw- 
ing most  of  the  light  into  the  middle  of  the  street  and  very  little 
on  the  sidewalk.  For  this  latter  shade,  the  light  must  be  sup- 
ported at  the  side  of  the  street. 


Fig.  9.    TrpiCAL  DiSTRiBUTioisr  Curve,  Inclined 
Electrode,  Flame  Arc  Lamp 

11.  Effect  of  Shades  and  Reflectors. — That  the  distribution 
curves  of  lamps  may  be  greatly  altered  by  the  use  of  reflectors 
and  globes  has  already  been  mentioned  To  illustrate  the  effect 
of  a  reflector,  two  curves  of  the  same  lamp  are  shown  in  Fig.  10. 
Curve  A  is  a  distribution  curve  for  a  long  burning  flame  arc  lamp 
with  clear  inner  globe  and  thin  opal  outer  globe  but  with  no  re- 
flector. Curve  B  is  for  the  same  lamp,  with  the  same  globes  and 
with  a  24-in.  white  porcelain  enameled  reflector  added.  The 
shape  of  the  distribution  curve  has  thus  been  altered  to  suit  a 
certain  condition.  The  mean  lower  hemispherical  candle-power 
has  been  increased  by  about  5  per  cent,  but  the  mean  spherical 
candle-power  has  been  decreased  by  24  per  cent.  In  arc  lamps 
using  stationary  lower  electrodes,  the  shape  of  the  distribution 
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curve,  with  reflector,  changes  during  the  life  of  the  electrodes, 
due  to  the  change  of  position  of  the  source  of  light.  Fig.  11 
illustrates  the  effect  of  globes  on  the   distribution   curve   of   the 


Fig.  10 

A.  Distribution  Curve  of  the  Long  Burning  Flame  Arc  Lamp  with  Opal  Globe,  No  Reflector. 

B.  Same  Lamp  with  Reflector. 


lamp.  Curve  A  is  for  a  vertical  carbon  flame  arc  lamp  with 
26  in.  reflector  and  with  clear  outer  globe.  Curves  B  and  C  are 
for  the  same  lamp,  with  the  same  reflector,  but  with  opal  globes 
of  different  densities.  Nearly  the  same  shape  of  distribution 
curve  has  been  obtained  by  both  of  the  globes.  However,  10  per 
cent  of  the  light  has  been  absorbed  by  one  of  the  globes  and  25 
per  cent  by  the  other.  Thus  it  is  seen  that  an  opal  globe  tends 
to  make  the  distribution  curve  more  uniform,  but  in  so  doing,  it 
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absorbs  a  considerable  portion  of  the  light.  This  type  of  globe 
also  lowers  the  intrinsic  brilliancy,  since  it  becomes,  in  effect,  the 
source  of  light. 


Fig.  11.    Effect  of  Globe 

A.  Vertical  Electrode,  Flame  Arc  Lamp  with  Reflector  and  Clear  Outer  Globe. 

B.  Same  Lamp  with  Alba  Globe. 

C.  Same  Lamp  with  Dense  Opal  Globe. 

V.     Calculation  of  Illumination 

12  General  Theory. — In  order  to  obtain  the  best  results  from 
general  illumination,  it  should  be  as  nearly  uniform  as  possible 
over  the  whole  surface.  The  object  of  street  illumination  is  to 
make  the  street  safer  for  travel  after  nightfall.  To  accomplish 
this  result,  the  eye  must  be  able  to  distinguish  objects  with  suffi- 
cient clearness  and  at  a  fair  distance,  so  that  they  may  be  avoided 
if  necessary.  With  the  advent  of  the  automobile  and  other  swiftly 
moving  vehicles,  the  distinctness  with  which  objects  may  be  seen 
must  be  improved,  so  that  danger  may  easily  be  avoided. 


22.  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

The  illumination  produced  by  full  moon  has  a  maximum  of 
about  .02  foot  candle.  The  eye  has  become  accustomed  to 
distinguish  objects  fairly  well  by  this  illumination,  even  at  a  con- 
siderable distance.  Moreover,  this  illumination  is  uniform  ex- 
cept where  some  object,  such  as  a  tree  or  a  building,  intervenes  to 
shut  off  the  light.  This  illumination  is  not  sufficient  for  reading 
ordinary  type  without  fatigue.  For  reading  purposes  from  1  to  3 
foot  candles  are  required.  The  eye  is  accustomed  to  adjust  it- 
self to  quite  a  wide  range  of  intensity,  if  the  changes  in  intensity 
do  not  follow  each  other  too  rapidly.  A  street  lighted  by  6.6  am- 
peres alternating  current  enclosed  arc  lights  placed  at  the  street 
crossings  25  ft.  above  the  street  surface  where  blocks  are  400  ft. 
long,  has  a  variation  in  its  horizontal  illumination  of  from  .28 
foot  candle,  near  the  lamp,  to  .0014  foot  candle  midway  between 
the  lamps.  With  the  lamps  placed  at  alternate  street  intersec- 
tions, as  is  the  custom  in  smaller  cities,  the  minimum  illumina- 
tion, i.  e.  the  illumination  near  the  other  street  intersections, 
will  be  less  than  .0001  foot  candle,  an  almost  negligible  quantity. 
An  automobile  traveling  at  a  speed  of  25  miles  per  hour  along 
a  street  lighted  every  400  ft.  will  pass  from  the  point  of  mini- 
mum to  maximum  illumination  in  about  5.5  seconds.  During 
this  time,  the  eye  must  accustom  itself  to  a  range  in  illumina- 
tion of  200  to  1,  producing  fatigue  in  the  eye  and  uncertainty 
in  discerning  objects.  When  the  illumination  is  not  uniform,  but 
varies  over  a  wide  range  from  lamp  to  lamp,  the  eye  is  not  able 
to  distinguish  objects  nearly  so  well,  at  the  points  of  minimum 
illumination,  as  it  is  when  the  illumination  is  more  nearly  uni- 
form but  low. 

The  intrinsic  brilliancy  of  the  light  source  in  the  line  of 
vision  is  another  consideration  in  selecting  the  proper  lamps,  as 
well  as  their  height  and  spacing.  The  pupil  of  the  eye  adjusts 
itself  so  as  to  admit  a  certain  quantity  of  light.  A  source  of 
light  of  high  intrinsic  brilliancy,  in  the  line  of  vision,  closes  the 
pupil  of  the  eye  so  that  insufficient  light  is  admitted  to  distinguish 
dimly  lighted  objects  clearly.  This  effect  is  made  apparent,  in 
ordinary  street  lighting,  by  the  fact  that  a  person  facing  an  arc 
light  is  unable  to  see  objects  beyond  the  light  until  he  is  so  near 
the  light  that  it  is  no  longer  in  his  line  of  vision.  The  effect  is 
not  so  apparent  in  brightly  lighted  streets  where  the  illumina- 
tion is  also  more  uniform. 

13.  Tables  and  Curves. — (a)  In  order  to  calculate  the  illumi- 
nation on  the  street   surface,    the   following  equations  have  been 
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derived.  Fig.  12  represents  a  light,  L,  suspended  at  a  heiglit, 
A,  above  tiie  center  of  the  street,  BG.  The  intensity  of  the  light 
in  the  direction,  LB,  at  an   angle    <f>    with   the  vertical   may   be 


Fig.  12 

obtained  from  the  distribution  curve  of  the  lamp.  Let  this  in- 
tensity of  the  light  source  be  /.  Then  the  intensity  of  the  illumi- 
nation at  B,  on  a  plane  perpendicular  to  the  ray  of  light,  would 
be 

'^i ^1> 

The  illumination  on  the  horizontal  surface  of  the  street  would  be 

<.  =  i^5^ (2) 

s 

since  the  ray  is  at  the  angle  ^  with  the  vertical.  Taking  the 
point  B,  at  a  horizontal  distance  d,  from  the  lamp 

tan  </>  =  d/h (3) 

and 

s  —  h/  cos  4> (4) 

Hence  the  normal  illumination,  or  the  illumination  on  a  plane 
perpendicular  to  the  ray  of  light  would  be 

/cos^  ^  .^. 

'^—iF~- ^^^ 

and  on  the  street  surface 

/  cos^  ^ 

'  =  —l?~ 

In  order  to  have  uniform  normal  illumination,  the  intensity 
in  any  direction  about  the  lamp  must  vary  according  to  the  equa- 
tion 

cos^  4> 

derived  from  equation  (5)  or 

i  1^ 


(6) 


(7) 


/  = 


cos^  <^ 

from  equation  (6),  for  uniform  horizontal  distribution, 
two  equations, 


(8) 

In  these 
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if 

h  =  height  of  lamp  in  feet  above  the  street; 
and 

/  =  intensity  of  the  light   in   candle    power  at   the    angle  i> 
from  the  vertical; 
then 

i  ~  intensity  of  illumination  in  foot  candles. 

Table  1  has  been  calculated  from  equation  (7)  for  different 
values  of  h,  ranging  from  15  to  50  ft.  In  the  same  manner, 
Table  2  has  been  calculated  from  equation  (8).  In  each  table,  a 
uniform  intensity  of  illumination  of  .01  foot  candle  has  been 
assumed.      For  any    other  intensity,    these   values    should   be 

TABLE  1 

Candle  Power  at  Lamp  for  .01  Foot  Candle  Normal  Illumination 

ON  Street. 


1 

Height  of  lamp- 

-feet 

<^ 

cos<^ 

COS-(fi 

15 

20 

25 

30 

40 

50 

0 

1.000 

1 

2.25 

4.00 

6.25 

9.00 

16.00 

25.00 

5 

.996 

1.01 

2.27 

4.04 

6.31 

9.09 

16.16 

25.25 

10 

.985 

1.03 

2.32 

4.12 

6.44 

9.27 

16.48 

25.75 

15 

.966 

1.07 

2.41 

4.28 

6.69 

9.63 

17.12 

26.75 

20 

.940 

1.13 

2.57 

4.56 

7.13 

10.17 

18.26 

28.50 

25 

.906 

1.22 

2.75 

4.88 

7.63 

10.98 

19.52 

30.50 

30 

.866 

1.33 

2.99 

5.32 

8.31 

11.97 

21.30 

33. 30 

35 

.819 

1.49 

3.35 

5.96 

9.32 

13.41 

23.80 

37.3 

40 

.766 

1.70 

3.83 

6.80 

10.60 

15.3 

27.2 

42.5 

45 

.707 

2.00 

4.50 

8.00 

12.50 

18.0 

32.0 

50.0 

50 

.643 

2.43 

5.47 

9.72 

15.16 

21.8 

38.9 

60.8 

55 

.547 

3.03 

6.33 

12.12 

18.93 

27.3 

48.5 

76.0 

60 

.500 

4.00 

9.00 

16.0 

25.0 

36  0 

64.0 

100.0 

65 

.423 

5.59 

12.68 

22.4 

35.0 

50.3 

89.7 

140.0 

67.5 

.383 

6.82 

15.35 

27.3 

42.6 

61.4 

109 

170.5 

70 

.342 

8.35 

18.8 

33.4 

52.5 

75.1 

133.5 

209 

72.5 

.301 

11.05 

24.9 

44.2 

69.1 

99.5 

177 

276 

75 

.259 

14.90 

34.0 

60.4 

94.4 

136 

242 

378 

76 

.242 

17.10 

38.5 

68.4 

107. 

154 

274 

428 

77 

.225 

19.75 

44.5 

79.0 

123 

178 

316 

494 

78 

.208 

23.10 

52.0 

92.4 

145 

209 

370 

577 

79 

.191 

27.4 

61.7 

109.6 

171 

246 

438 

687 

80 

.1736 

33.2 

74.8 

133. 

208 

299 

532 

832 

81 

.1564 

40.8 

92. 2 

163 

255 

367 

653 

1020 

82 

.1392 

51.7 

116. 

207 

323 

465 

830 

1292 

83 

.1219 

67.3 

151 

269 

421 

606 

1077 

1682 

84 

.1045 

91.7 

206 

367 

573 

826 

14B7 

2190 

85 

.0872 

131.7 

296 

527 

8X4 

1180 

2110 

3290 

85.5 

.0785 

162.5 

366 

650 

1010 

1460 

2600 

4060 

86. 

.0698 

205 

461 

820 

1300 

1850 

3280 

5120 

86.5 

.0610 

269 

605 

1070 

1680 

2420 

4300 

6730 

87. 

.0523 

366 

824 

1460 

2290 

33U0 

5850 

9150 

87.25 

.0480 

434 

980 

1740 

2710 

3900 

6960 

10850 

87.5 

.0436 

527 

1185 

2110 

3300 

4740 

8450 

13170 

87.75 

.03926 

650 

1460 

2600 

4060 

5850 

10400 

16250 

88. 

.03490 

822 

1850 

3290 

5140 

7400 

13150 

20550 

88.25 

.03054 

1072 

2300 

4290 

6700 

9540 

17150 

26800 

88.5 

.02618 

1460 

3290 

5840 

9120 

13100 

23400 

36500 

89. 

.01746 

3290 

7420 

13100 

20500 

29600 

52700 

82400 
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multiplied  by  the    ratio    between  .01    and  the    intensity   chosen. 
Thus,  for  .10  foot  candle,  the  values  should  be  multiplied  by  10. 

TABLE  2 

Candlb  Power  at  Lamp  for  .01  Foot  Candle 
Horizontal  Illumination  at  Street 


<k 

COS0 

1 

Height  of  Lamp 

cos-*'  </> 

15' 

20' 

25' 

30'    1 

40' 

50' 

0 

1.000 

1.000 

2.25 

4.00 

6.25 

9.00 

16.00 

25.0 

5 

.996 

1.015v 

2.28 

4.06 

6.35 

9.14 

16.25 

25.4 

10 

.985 

1.045 

2.35 

4.18 

6.43 

9.41 

16.72 

26.15 

15 

.966 

1.11 

2.50 

4.44 

6.94 

9.99 

17.76 

27.75 

20 

,940 

1.20 

2.70 

4.80 

7.50 

10.80 

19.20 

30.0 

25 

.906 

1.35 

3.04 

5.00 

8.44 

12.15 

21.60 

33.7 

30 

.866 

1.54 

3.47 

6.16 

9.53 

13.86 

24.65 

38.5 

35 

,fl9 

1.82 

4.09 

7.88 

11.35 

16.4 

29.1 

45.5 

40 

.766 

2.22 

5.00 

8.88 

13.85 

20.0 

35.5 

55.2 

45 

.707 

2.83 

6.37 

11.30 

17.68 

25.4 

45.3 

70.8 

50 

.643 

3.73 

8.42 

14.9 

23.3 

33.6 

59.7 

93.5 

55 

.547 

5.27 

11.85 

21.1 

32  9 

.47.4 

84.5 

131.7 

60 

.500 

8.00 

18.00 

32  0 

50.0 

72.0 

128.0 

200 

65 

.423 

13.20 

29.7 

.53.8 

82.5 

119 

211 

330 

67.5 

.383 

17.8 

40.1 

71.2 

111 

180 

285 

445 

70 

.342 

24.4 

54.9 

97  6 

152 

220 

390 

610 

72.5 

.301 

36.7 

82.6 

146 

229 

330 

587 

918 

75 

.259 

58  3 

131.2 

233 

364 

525 

935 

1460 

76 

.242 

70.5 

159 

282 

440 

635 

1130 

1760 

77 

.225 

87.8 

198 

351 

549 

790 

1410 

2200 

78 

.208 

111.2 

250 

445 

695 

1000 

1780 

2780 

79 

.191 

143.3 

323 

574 

896 

1290 

2290 

3590 

80 

.1736 

191.0 

430 

764 

1190 

1720 

3060 

4780 

81 

.1564 

261.0 

574 

1040 

1630 

2350 

4180 

6530 

82 

.1392 

371.0 

835 

1480 

2320 

3340 

5940 

9280 

83 

.1219 

552.0 

1242 

2210 

3450 

4970 

8850 

13800 

84 

.1045 

876.0 

1970 

3500 

5480 

7880 

14000 

21900 

85 

.0872 

1510 

3400 

6040 

9440 

13600 

24200 

37800 

85. 5 

.0785 

2070 

4660 

8280 

12900 

13600 

33100 

51800 

86 

.0698 

2930 

66U0 

11720 

18320 

26380 

46800 

73400 

86.5 

.0610 

4410 

9950 

17650 

27600 

39700 

70600 

110000 

87 

.0523 

6970 

15700 

27900 

43500 

62700 

111500 

174200 

87.25 

.0480 

9050 

20400 

36200 

566'JO 

81500 

145000 

,226000 

87.5 

.0436 

12100 

27200 

18400 

75600 

118000 

194000 

303000 

87.75 

.03926 

16500 

37100 

66000 

103000 

148000 

264000 

413000 

88 

.03490 

23500 

52900 

94000 

146500 

211000 

376000 

588000 

88.25 

.03054 

88.5 

.02618 

89 

.01745 

Prom  equation  (3),  the  value  of  <^  has  been  calculated  for  dif- 
ferent values  of  d  and  h  over  as  wide  a  range  as  necessary  for 
ordinary  exterior  illumination.  These  angles  are  given  in 
Table  3.  Factors  have  also  been  included  in  Table  3  to  aid  in 
the  calculation  of  illumination.  For  each  height  and  distance, 
two  factors  are  given  by  which  the  intensities  in  thousands  of 
candle  power  must  be  multiplied  to  give  the  illumination  at  the 
chosen  point.  The  first  line  is  for  normal  and  the  second  for 
horizontal  illumination,   respectively.     By  referring  to  Tables  1 
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and  2,  the  difficulty  will  be  seen  of  securing  uniform  low  illumi- 
nation over  large  areas  with  economical  height  and  spacing  of 
lamps.  Higher  values  of  intensity  may  be  secured  by  placing 
the  lamps  sufficiently  close  so  that  the  illumination  from  one  as- 
sists that  from  the  others,  increasing  the  minimum  illumination. 

TABLE  3 

Table  of  Angles  and  Factors  For  Various  Eeights  and  Distances 

a=      f,  ^X  1000— Normal  illumination 
b  =     ,  „     X  1000— Horizontal  Illumination 


Distance 
feet 

Height- 

feet 

15 

20 

25 

30 

40 

50 

25 
a 
b 

59^2' 
1.18 
.607 

51°20' 
.977 
.610 

45°-0' 
.800 
.566 

39=50' 
.656 
.504 

31°-0' 
.458 
.393 

26°-3" 
.321 

.287 

50 
a 
b 

73°18' 
.366 
.105 

68°12' 
.345 
.128 

63°27' 
323 
.143 

59°2' 
.295 
.150 

51°20' 
.244 
.152 

45°0' 
.200 
.141 

75 
a 
b 

78°41' 
.171 
.0335 

75°4' 
.168 
.043 

7r34' 
.161 
.051 

68°12' 
.153 
.057 

62°0' 
.138 
.065 

56°20 
.123 

.0682 

100 
a 
b 

81°28' 
.100 
.0148 

7S°4r 
.0987 
.0193 

75°57' 
.0915 
.022 

73°20' 
.0956 
.027 

68°12' 
.0863 
.032 

63°26' 
.0804 
.036 

125 
a 
b 

83°  10' 
.066?. 
.0079 

80°55' 
.0625 
.010 

78°4r 
.0615 
.012 

78°30' 
.0607 
.0141 

72°20' 
.0577 
.0125 

68° 10' 
.0553 

.0205 

150 
a 
b 

84°17' 
.0452 
.0045 

82°24' 
.0436 
.0058 

80°32' 
.0433 
.0071 

78°41' 
.0427 
.0084 

75°4' 
.0416 
.0107 

71°34' 
.0400 
.0126 

200 
a 
b 

85°42' 
.0254 
.0019 

84°  17' 
.0252 
.0025 

82°52' 
.0247 
.0031 

81°28' 
.0245 
.0036 

78°4r 
.0234 
.0046 

75°57' 
.0233 
.0056 

250 
a 
b 

86°34' 
.016 
.00106 

85°25' 
.016 
.00128 

84°17' 
.016 
.0016 

83°10' 
.0158 
.0019 

80°55' 
.0156 
.00247 

78°41' 
.0154 
.0030 

300 
a 
b 

87°8' 
.0111 
.000.55 

86°11' 
.0111 
.00173 

85°14' 
.0111 
.00091 

84°17' 
.011 
.0011 

82°24' 
.0109 
.00144 

80°32' 
.0108 
.0018 

350 
a 
b 

87°33' 
.00812 
.00035 

86°44' 
.00812 
.00046 

85°50' 
.00812 
.00058 

85°5' 
.00812 
.00070 

83°29' 
.00807 
.00091 

8r57' 
.0077 
.0011 

400 
a 
b 

87°5r 
.00625 
.00023 

87°8' 
.00625 
.00031 

86°25' 
.00625 
.00039 

85°42' 
.00625 
.00047 

84°17' 
.0061 
.0006 

82°52' 
.0060 

.00074 

450 
a 
b 

88°5' 
.00.50 
.00017 

87°27' 
.00494 
.00022 

86°49' 
.00492 
.00027 

86°  11' 
.00491 
.00032 

84°55' 
.00490 
.00043 

83°40' 
.00487 
.000536 

500 
a 
b 

88°17' 
.004 
.00012 

87°42' 
.004 
.00016 

87°8' 
.004 
.00020 

86°34' 
.004 
.00024 

85°25' 
.004 
.00032 

84°17' 
.004 
.0004 
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This  method  is  used  in  interior  illumination,  and  in  the  brilliant] 
illumination    of    streets.       I<'rom   Table    3  and  the   distribution 
curves  of  the  several  lamps,  Tables  4  to  13  have  been  computed. 
These  tables  give   the  foot  candles  illumination  on  the  normal 
and  horizontal  planes  for  different  heights  and  spacing  of  the  j 
lamps. 

TABLE  4 

Normal,  and  Horizontal  DisxaiBUTiON  at  Street  Surface 
FOR  9.6  Amperes  D.  C.  Open  Arc  Lamp 


Distance— feet 

Heipht 

feet 

0 

25 

50 

75 

lOu 

125 

150 

200 

250 

300 

3.50 

400 

15 

222 

1.185 

.242 

.089 

.0476 

.030 

.019 

.0104 

.0065 

.0044 

.0032 

.0025 

222 

.610 

.0693 

.0174 

.0070 

.00355 

.0019 

.C0078 

.00043 

.00028 

.00014 

.00009 

20 

12.i 

1.18 

.228 

.101 

.050 

.031 

.021 

.011 

.0067 

.0044 

.0031 

.0024 

125 

.735 

.0845 

.0258 

.0098 

.0049 

.0028 

.0011 

. 00054 

.00029 

.00017 

.00012 

25 

080 

1.00 

.294 

.120 

.057 

.031 

.022 

.011 

.0064 

.0046 

.0038 

.0025 

080 

.7(X) 

.133 

.0384 

-0130 

.0061 

.0035 

.0014 

.00068 

.00038 

.00024 

.00016 

30 

0555 

.78S 

.303 

.116 

.063 

.036 

.022 

.012 

.0068 

.0046 

.0034 

.0026 

0555 

.605 

.154 

.043^ 

.018 

.0083 

.0043 

.0018 

.00082 

.00046 

.0003 

.00019 

40 

0812 

.417 

.296 

.138 

.069 

.038 

.025 

.012 

.0076 

.0050 

.0034 

.0026 

OH  12 

.356 

.185 

.065 

.026 

.012 

.0064 

.0023 

.0012 

.00066 

.00038 

0  0025 

50 

020 

.284 

.250 

.140 

.0735 

.044 

.028 

.0137 

.0079 

.0052 

.0037 

0026 

020 

.263 

.176 

.0775 

.033 

.0165 

.0089 

.0033 

.0015 

.00089 

.00052 

.00032 

Open   Arc 

9.6   AMP.   D-C 

zs  rr.  HK5H 
4o  Ft  HidH 


Fig.  13. 


loo  200  3oo  ^oo 
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Horizontal  Distribution  at  Street  Surface  for  9.6 
Amp.  D.  C.  Open  Arc  Lamp 
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TABLE  5 

Normal  and  Horizontal  Distribution  at  Street  Surface 
FOR  6.6  Amperes  D.  C.  Magnetite  Arc  Lamp 


Distance— feet 

Height 
feet 

0 

25 

50 

75 

100 

125 

150 

200 

250 

300 

350 

400 

15 

2.22 

1.76 

.550 

.269 

.155 

.100 

.0660 

.0320 

.0208 

.0142 

.0101 

.0075 

2.22 

.91 

.169 

.0.i3 

.023 

.0118 

.0066 

.0024 

.00138 

.00070 

.00044 

.tK)028 

20 

1.25 

1.30 

.506 

.456 

.13* 

.0950 

.0658 

.0357 

.0223 

.0146 

.0104 

.0080 

1.2.T 

.815 

.188 

.0656 

.0267 

.0153 

.0088 

.0035 

.00178 

.00096 

.00059 

.0004 

25 

.60 

.985 

.480 

.242 

.142 

.0970 

.0675 

.0366 

.0J36 

.0154 

.0109 

.0083 

.60 

.696 

.225 

.0765 

.0342 

.0189 

.0111 

.0046 

.0024 

.0013 

.00078 

.00051 

30 

.556 

.590 

.437 

.225 

.143 

.0937 

.0635 

.0387 

.0235 

.0160 

.0114 

.0085 

.556 

.454 

.223 

.0840 

.0405 

.0218 

■0125 

.00.56 

.00^8 

.0016 

.0010 

.00064 

40 

.313 

.435 

.330 

.203 

.126 

.0872 

.0635 

.0370 

.0216 

.0168 

.0119 

.0086 

.313 

.373 

.205 

.0955 

.0470 

.0265 

.0163 

.00727 

.0039 

.0022 

.00134 

.00084 

50 

.200 

.2.57 

.246 

.178 

.117 

.0813 

.0595 

.0356 

.0243 

.0171 

.0116 

.0090 

.200 

.230 

.173 

.099 

.052 

.0301 

.0188 

.00856 

.0047 

.00288 

.0017 

.00111 

\z 

MAGNETlTC 
€.e   AMP.  D.C 

25  FT.  HIGH 
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u 

.1 

9  3 
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Fig.  14.    Horizontal  Distribution  at  Street  Surface 
FOR  a  6.6  Amp.  Magnetite  Arc  Lamp 
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TABLE  6 

Normal  and  Horizo^^tal  Distribution  at  Street  Surface 
FOR  4  Amperes  D.  C.  Magnetite  Arc  Lamp 


Di 

stance- 

feet 

Height 

feet 

0 

25 

50 

75 

100 

125 

ISO 

200 

250 

300 

350 

400 

15 

1.55 

.768 

.259 

.125 

.0742 

.0459 

.0303 

0155 

.01015 

.0069 

.0050 

.00375 

1.55 

.395 

0743 

.0244 

.0110 

.00547 

.00302 

.00116 

.00067 

.00034 

.00021 

.00014 

20 

.875 

.596= 

.237 

.1210 

.0713 

.0454 

.0305 

.0162 

.0107 

.0071 

.0050 

.0039 

.875 

.372 

.0872 

.0310 

.0140 

00726 

.00406 

.00161 

.00086 

.00047 

.00028 

.00019 

25 

.560 

,440 

.213 

.113 

.066 

.0448 

.0311 

.0163 

.011(1 

.iX)743 

.0<;)510 

.0040 

.560 

.311 

.095 

.0357 

.0159 

.00875 

.0051 

.00217 

.0011 

.00061 

.0a)37 

.00025 

30 

.389 

.328 

.192 

.098 

.0677 

.0438 

.0311 

.0167 

.0110 

.00765 

.00543 

,00445 

.389 

.252 

.0975 

.0366 

.0191 

.0102 

.00613 

.0026 

.0013 

.00076 

.00047 

.0003 

40 

.219 

.167 

.148 

.091 

.0588 

.0400 

.0300 

.0160 

.0112 

.0076 

.0057 

.0040 

.219 

.143 

.092 

.0428 

.0218 

.0123 

.0077 

.00334 

.00177 

.0010 

.00063 

.0004 

60 

.140 

.108 

110 

.0718 

.0537 

.0380 

.0278 

.0158 

.0112 

.0079 

.0055 

.0042 

.140 

.0965 

.0777 

.0398 

.0241 

.0141 

.00875 

.0040 

.0022 

.0013 

.00078 

.0005 

Fig. 
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distance  in  feet 
15.    Horizontal  Distribution  at  Street  Surface 
FOR  A  4.0  Amp.  Magnetite  Arc  Lamp 
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TABLE  7 

Normal  and  Horizontal  Distribution  at  Street  Surface 
FOR  6.6  Amperes  D.  C.  Enclosed  Arc  Lamp 


Distance— 

teet 

Height 
feet 

0 

25 

50 

,5 

100 

125 

150 

200 

250 

300 

350 

400 

15 

1.00 

.62 

.187 

.083 

.0475 

.0310 

.0183 

.0113 

.0075 

.00485 

.00355 

.0027 

1.00 

.32 

.054 

.012 

.007 

.0036 

.0018 

.00045 

.00036 

.00024 

.00015 

.0001 

20 

.563 

.503 

.180 

.084 

.05 

.0296 

.0202 

.0115 

.a>72 

.0049 

.0035 

.0027 

.563 

.314 

.067 

.022 

.0097 

.0048 

.0027 

.0011 

.0006 

.0003 

.0002 

.0001 

25 

.36 

.400 

,167 

.083 

.046 

.0296 

.0206 

.0116 

.0073 

.0050 

.0036 

.0028 

.36 

.283 

.075 

.026 

.011 

.0058 

.0034 

.0014 

.00072 

.00041 

.00026 

.00017 

30 

.25 

.311 

.155 

.0803 

.0490 

.0304 

.0207 

.0116 

.0074 

.0050 

00366 

.0028 

.25 

.240 

.089 

.0298 

.0138 

.0071 

.0041 

.0017 

.00089 

.00050 

.00C31 

.00021 

40 

.14 

.197 

.127 

.0725 

.0453 

.0297 

.0208 

.0112 

.0074 

.00518 

.0037 

.0027 

.14 

.167 

.079 

.0341 

.0168 

.0090 

.0054 

.0022 

.0012 

.00067 

.00042 

.00027 

50 

.091 

.128 

.100 

.0645 

.0420 

.0290 

.0207 

.0117 

.0075 

.00512 

.00.364 

.0028 

.091 

.115 

.072 

.0356 

.0189 

.0108 

.0065 

.0050 

.00146 

.00085 

.00052 

.00034 

Enclosed 

66    AMP     DC 


lOO  20O  300  'too 

Fig.  16.    Horizontal  Distribution  at  Street  Surpacr 
for  a  6.6  Amp.  D.  C.  Enclosed  Arc  Lamp 
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Distance— 

feet 

Height 

feet 

0 

25 

.50 

75 

100 

125 

150 

200 

250 

300 

3.50 

400 

15 

.78 

.313 

.086 

.036 

.021 

.014 

.0097 

.0053 

.0033 

.0022 

.0016 

.0012 

.78 

.161 

.0247 

.0075 

.0032 

.0017 

.00096 

.0004 

.0002 

20 

.44 

.2.59 

.077 

.038 

.022 

.014 

.0094 

.0053 

.0034 

.0023 

.0017 

.0013 

.44 

.168 

.0285 

.0097 

.0043 

.0022 

.0012 

.0005 

.a)027 

25 

.28 

.22 

.080 

.038 

.022 

.014 

.0095 

.00.54 

.0034 

.0024 

.0017 

.0013 

.28 

.156 

.032 

.012 

.0044 

.0027 

.00156 

,0007 

.00034 

30 

.19 

.18 

.071 

038 

.022 

.0137 

.0094 

.0054 

.0034 

.0023 

.0017 

.0013 

.19 

.139 

.0362 

.014 

.0063 

.032 

.0018 

.0008 

.0004 

.0002 

40 

.11 

.124 

.067 

.036 

.022 

.0135 

.0095 

.0054 

.0034 

.0024 

.0017 

.0013 

.11 

.116 

.042 

.017 

.008 

.0041 

.0024 

.0011 

.0005 

.0003 

50 

.07 

.083 

.055 

.033 

.020 

.0135 

.010 

.005 

.0034 

.0024 

.0016 

.0013 

.07 

.074 

.039 

.018 

.0092 

.005 

.003 

.0022 

.0006 

.0004 

.0002 

.0001 

ETnclosed 
6.6  Amp  AC 


lOO  Zoo  300 

0/S7>9/^C£  //V  /=-£Sr 

Fig.  17.    Horizontal  Distribution  at  Street  Surface 
FOR  A  6.6  Amp.  A.  C.  Enclosed  Arc  Lamp 
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TABLE  9 

Normal  and  Horizontal  Distribution  at  Street  Surface 
FOR  7.5  Amperes  A.  C.  Enclosed  Arc  Lamp 


Distance — feet 

Height 

feec 

0 

85  1 

50 

75 

100  1 

125 

150 

200  1 

250 

300 

350 

400, 

15 

.94 

.376 

.103 

.043 

.025 

.017 

.011 

,0063 

.004 

.0022 

.0019 

.0014 

.94 

.193 

.030 

.009 

.0038 

.002 

.001 

.0005 

.0002 

20 

.53 

.311 

.092 

.045 

.OK 

.017 

.011 

.0064 

.0041 

.0027 

.0020 

.0015 

.53 

.201 

.e34 

.aii6 

.0051 

.0026 

.0014 

.0006 

.0003 

25 

.336 

.26 

.096 

.045 

,026 

.017 

.011 

,0065 

.0041 

.0029 

.0020 

.0015 

.336 

.187 

.038 

.0)4 

.0053 

.0032 

.0019 

.0008 

.0004 

30 

.228 

.216 

.085 

.045 

.026 

.0165 

.011 

.0065 

.a>4 

.0028 

.002 

.0015 

,228 

.167 

.043 

.017 

.0076 

.0038 

.0022 

.0011 

.0«)5 

.0002 

40 

.132 

.149 

.080 

.043 

.026 

.0162 

.011 

.0066 

.0041 

.0029 

.0020 

.0015 

.132 

.139 

.050 

.020 

.0096 

.0049 

.0029 

.0013 

.0006 

.0004 

50 

.084 

.10 

.066 

.040 

.024 

.016 

.012 

.006 

.0041 

.0029 

.0019 

.0015 

.084 

.09 

.047 

.022 

.011 

.006 

.0036 

.0026 

.0007 

.0005 

.0002 

.0001 

75  AMR  A.C. 


25  FT  HIOH 
0  FT  HIGH 


100  200  300 

DISTANCE    IN   rEET 

Fig.  18.    Horizontal  Distribution  at  Street  Surface 
FOR  A  7.5  Amp.  a.  C.  Enclosed  Arc  Lamp 
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TABLE  10 

Normal  and  Horizontal.  Distribution  at  Street  Surface  for  10  Am- 
peres D.  C.  Flame  Arc  Lamp,  Inclined  Electrodes,  Opal  Globes 


Distance 

Height 
feet 

0 

25 

50 

75 

100 

125 

150 

200 

250 

300 

350 

400 

15 

10.6 

2.33 

.585 

.240 

.142 

.085 

.056 

.031 

.019 

.013 

.010 

.007 

10.6 

1.20 

.168 

.047 

.021 

.010 

.0055 

.0022 

.0013 

.0006 

.0004 

.0003 

80 

5.95 

1.70 

.595 

.259 

.136 

.084 

.057 

.031 

.020 

.013 

.010 

.008 

5.95 

1.28 

.224 

.066 

.027 

.0!35 

.0075 

.0031 

.0015 

.0008 

.0005 

.0004 

25 

3.81 

1.77 

.602 

.262 

.140 

.085 

.058 

031 

.020 

.013 

.010 

.0075 

3.81 

1.25 

.265 

.084 

.034 

.017 

.010 

.004 

.002 

.0011 

.0007 

.0005 

30 

2.65 

1.51 

.580 

.266 

.152 

.091 

.059 

.032 

.020 

.014 

.010 

.0075 

2  65 

1.15 

.297 

.  IdO 

.043 

.021 

.012 

.0047 

.0025 

.0014 

.0008 

.0075 

40 

1.49 

1.09 

.52 

.253 

.150 

.0tf4 

,064 

.032 

.021 

.014 

.010 

.0077 

1.49 

.94 

.32 

.123 

.055 

.029 

.0165 

.0064 

.0032 

.0018 

.0011 

.0008 

50 

.95 

.76 

.44 

.25 

.16 

.096 

.065 

.035 

.022 

.015 

.010 

.0084 

.95 

.68 

.315 

.138 

.072 

.036 

.021 

.0084 

.0042 

.0024 

.0014 

.001 

NCUINETD    ElEZCTRODZ 

5hof?t  Bufpninc; 

Flame: 
lo  Amp.   d  C 

25  FT.  HioH 
4-0  rr  HIGH 


100  200  300  '^OO 

distance.  in  feet 

Fig.  19.    Horizontal  Distribution  at  Street  Surface  for  a  10 

Amp.  D.  C.  Flame  Arc  Lamp,  Inclined  Electrodes 
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TABLE  11 

Normal  and  Horizontal  Distribution  at  Street  Surface  for  5.5  Am- 
peres D.  C.  Long  Burning  Flamb  Arc  Lamp  Vertical 
Electrodes,  Opal  Globes 


Distance— 

feet 

0 

25 

50 

75 

100 

125 

150 

200 

250 

300 

350 

400 

15 

3.38 

1.77 

.65 

.32 

.19 

.135 

.087 

.049 

.0304 

.021 

.015 

.011 

3.38 

.91 

.186 

.063 

.0281 

.015 

.0087 

.0036 

.0020 

.001 

.ax)6 

.0004 

20 

1.90 

1.49 

.587 

.302 

.182 

.119 

.082 

.0485 

.031 

.021 

.0154 

.0115 

1.90 

.945 

,218 

.0775 

.036 

.019 

.011 

.0048 

.0025 

.0033 

.0009 

.0006 

25 

1.26 

1.0 

.550 

.278 

.166 

.114 

.081 

.047 

.031 

.021 

.0156 

.012 

1.26 

.707 

.243 

.088 

.040 

.022 

.0132 

.0059 

.0031 

.0018 

.0011 

.0007 

30 

.845 

.760 

.443 

.260 

.166 

.110 

.079 

.046 

.030 

.021 

.0156 

.012 

.845 

.657 

.225 

.095 

.047 

.0256 

.0155 

.0068 

.0036 

.0021 

.0013 

.0009 

40 

.475 

.4.58 

.398 

.214 

.146 

.101 

.075 

.043 

.03 

.021 

.015 

.0116 

.475 

.393 

204 

.101 

.054 

.022 

.0193 

.0085 

.0047 

.0027 

.0017 

.0011 

50 

.304 

.321 

.25 

.180 

.128 

.094 

.069 

.042 

.029 

.020 

.015 

.0114 

.304 

.287 

.176 

.10 

.057 

.035 

.0217 

.010 

.0056 

.0034 

.0021 

.0014 
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Fig.  20.    Horizontal  Distribution  at  Street  Surface  for  a 

5.5  Amp.  D.  C.  Long  Burning  Flame  Arc  Lamp 

Vertical  Electrodes 
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TABLE  12 

Normal  and  Horizontal  Distribution  at  Street  Surface 

FOR  200  C.  P.  Tungsten  with  Radial  Wave  Reflector 


Distance— feet 

Height 
feel 

0 

25 

50 

75 

100 

125 

150 

200 

15 

.643 

.316 

.097 

.043 

.026 

.015 

.0102 

.0057 

.643 

.163 

.028 

.0084 

.ai39 

.0018 

.0010 

.0004 

20 

.362 

.243 

.093 

.044 

.025 

.0153 

.0105 

.005S 

.362 

.155 

.035 

.0112 

.0049 

.0024 

.0014 

.0006 

25 

.232 

.200 

.086 

.0427 

.0238 

.0154 

.0107 

.0059 

.232 

.141 

.035 

.0135 

.(X157 

.0030 

.0017 

.0007 

30 

.161 

.l.')4 

.078 

.0413 

.0251 

.0156 

.0107 

.0060 

.161 

.118 

.040 

.0154 

.0071 

.0036 

.0021 

.0009 

40 

.091 

.098 

.063 

.0376 

.0233 

.01.53 

.0108 

.006 

.OS-l 

.084 

.039 

.0K5 

.0086 

.0046 

.0028 

.0011 

50 

.058 

.062 

.049 

.0326 

.0217 

.0151 

.0106 

.006 

.058 

.058 

.035 

.018 

.0097 

.0054 

.0033 

.0014 

TABLE  13 

Normal  and  Horizontal  Distribution  at  Street  Surface  fob  350 
C.  P.  Tungsten  with  Fluted  Enameled  Eefleotor 


Dlstance- 

-feet 

Height 

feet 

0 

25 

50 

75 

100 

125 

150 

200 

250 

300 

15 

1.03 

.503 

.165 

.072 

.041 

.0265 

.0179 

.010 

.0062 

.0043 

1.03 

.259 

.0473 

.014 

.006 

.0031 

.0018 

.00074 

.00041 

.00021 

20 

.575 

.395 

.1.^6 

.074 

.042 

.0256 

.0178 

.010 

.0063 

.0043 

.575 

.247 

.0575 

.019 

.0082 

.0041 

.0024 

.001 

.0005 

.00024 

25 

.370 

.324 

.141 

.0725 

.040 

.02.52 

.0180 

.017 

.0063 

.00435 

.370 

.230 

.063 

.023 

.0095 

.0045 

.0030 

.0012 

.0006 

.00036 

30 

.257 

.256 

.126 

.0685 

.0425 

.0262 

.018 

.010 

.0063 

.0044 

.257 

.197 

.064 

.026 

.0120 

.0061 

.0035 

.0015 

.00076 

.00044 

40 

.145 

.168 

.099 

.060 

.0392 

.0259 

.0181 

.0098 

.0064 

.0044 

.145 

.145 

.0615 

.0383 

.0145 

.0079 

.0046 

.0019 

.0010 

.00058 

50 

.093 

.111 

.081 

.052 

.0354 

.025 

.0181 

.010 

.0065 

.0045 

.093 

.099 

.057 

.0288 

.0160 

.0093 

.0057 

.0024 

.0013 

.00074 

Fig.  21. 
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(&)  Surface  Illumination  Curves. — From  the  data  in  Tables  4 
to  13,  curves  have  been  plotted,  showing  the  distribution  of 
illumination  over  the  street  surface  for  each  of  the  lamps.  Two 
curves  are  plotted  in  each  case,  one  for  a  height  of  25  ft.  and  the 


^.SAMP  D.C.LONG  BURNING    FLAME 


too 


200  300 

D/STANCE-  IN    rE:ET 

Fig.  22.    Comparison  of  Horizontal  Distribution  at  Street 
Surface  by  Different  Lamps 


^00 


other  for  40  ft.  At  a  distance  of  100  ft.  from  the  base  of  the 
lamp,  the  illumination  has  become  so  low  that  it  is  not  easily  com- 
parable with  that  near  the  lamp.     In  order  to  read  these  values 
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more  easily,  the  foot  candle  scale  has  been  magnified  between 
100  and  400  ft.  These  curves  are  shown  in  Fig.  13  to  21.  In 
Fig.  22,  a  comparison  is  made  between  the  different  lamps  be- 
tween 100  and  400  ft. 

In  order  to  indicate  the  method  of  computing  the  distribu- 
tion of  illumination  on  the  street  surface  due  to  several  lamps, 
and  the  effect  of  height  and  spacing,  the  following  calculations 
have  been  made.  Take,  as  an  example,  the  6.6  ampere  alter- 
nating current  enclosed  arc,  suspended  25  and  40  ft.  above  the 
center  of  the  street  surface,  and  spaced  800,  400  and  200  ft.  apart, 
these  distances  being  controlled  by  local  conditions.  In  Fig.  23, 
00'  represents  the  surface  of  the  street  and  1-2  lamps.  It  is  ob- 
vious that  the  normal  illumination  can  not  be  added  for  lamps  on 

Cf?05s  srffrf-rs 


■400'    300'  200'     /OO'       O  100'     200      JOG     400       SOO     600        700      SOO      100      ZOO       300      -^00 

6oo'    700'  600'  500'  400'  300'  zoo'    100'      o 

Fig.  23 
opposite  sides  of  an  object,  but  that  the  horizontal  is  increased. 
Adding  the  illumination  from  the  two  lights  at  the  various  dis- 
tances, line  1,  Table  14  is  obtained  from  Table  8.  It  is  seen  that 
the  illumination  beyond  400  ft.  fi^om  the  lights  is  so  small  that 
the  sum  need  be  considered  only  at  the  middle  point. 

For  400  ft.  spacing,  line  2  is  obtained  from  the  two  lights  1-2 
at  street   intersections   (see   Fig.  24).     It   will   be   seen  that  the 


400'    300'     200'    /OO'       O        lOo'    200     30 o'   40o' 
O        /OO'     zoo'    300'    400'    500'    eOO'    700'    600' 

Fig.     24 
illumination  at  any  point  is  that   produced   by  the  sum  of  the 
illuminations  from  all  lights  at  their  respective  distances  from  that 
point.     Only  two  lights  need  be  considered  at  400  ft.     At  200  ft. 
it  will  be  found  that  four  lights  must   be  considered.     In  each 
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case,  the  maxitnum  illQtnination  is  affected  but  little,  but  the 
general  effect  becomes  better.  For  200  ft.  spacing,  line  3, 
Table  14  is  computed.  In  a  similar  manner,  the  illumination  for 
other  types  of  lights  has  been  computed.  These  are  also  illus- 
trated in  Table  14.  These  values  have  not  been  plotted  in  the 
form  of  curves. 


TABLE  14 

Horizontal,  Distribution  at  Street  Surface  for 
Different  Heights  and  Spacings 


Spac- 
ing 
feet 

feet 

Distance— feet 

0 

50 

100  1 

150  1  200 

250 

300 

350 

400 

800 

25 

.36 

.075 

.011 

.0034 

.0014 

.0007 

.0004 

.0004 

.0004 

400 

25 

.36 

.075 

.011 

.04 

.003 

.004 

.011 

.075 

.36 

6.6  Amp.  D.  C. 

200 

25 

.372 

.088 

.023 

.082 

.372 

.082 

.023 

.082 

.372 

Enclosed 

800 

40 

.14 

.079 

.0168 

.0054 

.0022 

.0012 

.0007 

.0006 

.0006 

400 

40 

.14 

.08 

.017 

.0066 

.0014 

.0066 

.017 

.08 

.14 

200 

40 

.142 

.085 

.034 

.085 

.142 

.085 

.034 

.085 

.142 

800 

25 

.336 

.038 

.005 

.0019 

.0008 

.0004 

.0003 

.0002 

.0001 

400 

25 

.336 

.038 

.0053 

.0023 

.0016 

.0023 

.0053 

.038 

.336 

7.5  Amp.  A.  C. 

200 

25 

.34 

.05 

.012 

.05 

.34 

.05 

.012 

.05 

.34 

Enclosed 

800 

40 

.132 

.05 

.0096 

.003 

.0013 

.0006 

.0004 

.0003 

.0002 

400 

40 

.132 

.05 

.011 

.0035 

.0026 

.0035 

.011 

.05 

.132 

200 

40 

.135 

.10 

.022 

.10 

.135 

.10 

.022 

.10 

.135 

800 

25 

.80 

.225 

.034 

.0111 

.0046 

.0024 

.0013 

.001 

.001 

400 

35 

.80 

.226 

.035 

.0135 

.ai92 

.0135 

.035 

.226 

.80 

6.6  Amp.  D.  G. 

200 

25 

.85 

.238 

.069 

.238 

.85 

.238 

.0fi9 

.235 

.85 

Magnetite 

800 

40 

.315 

.205 

.047 

.0163 

.0073 

.0039 

.0022 

.002 

.0016 

400 

40 

.316 

.206 

.049 

.020 

.014 

.020 

.049 

.206 

.316 

200 

40 

.329 

.225 

.096 

.225 

.329 

.225 

.096 

.225 

.329 

800 

25 

.56 

.095 

.016 

.005 

.002 

.001 

.0016 

.0006 

.0005 

400 

25 

.56 

.095 

.016 

,006 

.004 

.006 

.016 

.095 

..56 

4.0  Amp.  D.  C. 

200 

25 

.564 

.101 

.033 

.101 

.564 

.101 

.033 

.101 

.564 

Magnetite 

800 

40 

.219 

.092 

.022 

.0077 

.0033 

.0018 

.001 

.0009 

.0008 

400 

40 

.219 

.092 

.044 

.0095 

.0066 

.0095 

.044 

.092 

.219 

200 

40 

.222 

.094 

.044 

.091 

.222 

.094 

.044 

.094 

.222 

800 

25 

.08 

.133 

.013 

.0035 

.0014 

.0007 

.0004 

.0003 

.0003 

400 

25 

.08 

.133 

.013 

.042 

;0028 

.042 

.013 

.133 

.08 

9.6  Amp.  D.  C. 

200 

25 

.081 

.136 

.026 

.136 

.081 

.136 

.026 

.136 

.081 

Open 

800 

40 

.031 

.185 

.026 

.006 

.002 

.001 

.0007 

.0006 

.0005 

400 

40 

.031 

.185 

.026 

.007 

.004 

.007 

.026 

.185 

.031 

200 

40 

.035 

.192 

.053 

.192 

.035 

.192 

.053 

.192 

.035 
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TABLE  14  iContimted) 


Spac- 
ing 
feet 

feet 

Distance- 

-feet 

0 

50 

100 

150 

200 

250 

300 

350 

400 

800 

25 

1.26 

.243 

.040 

.0132 

.0059 

.0031 

.002 

.0016 

.0014 

400 

25 

1.26 

.244 

.042 

.0163 

.012 

.0163 

.042 

.244 

1.26 

Long  Burning 

200 

23 

1.27 

.261 

.084 

.261 

1.27 

.261 

.084 

.261 

1.17 

Flame  Vertical 

800 

40 

.475 

.204 

.054 

.0193 

.0085 

.0047 

.0029 

.00-23 

.0022 

400 

40 

.476 

.206 

.057 

.024 

.017 

.024 

.057 

.208 

.476 

200 

40 

.486 

.230 

.114 

.230 

.486 

.230 

.114 

.230 

.486 

800 

25 

3.81 

.265 

.034 

.010 

.004 

.002 

.001 

.001 

.001 

400 

25 

3.81 

.266 

.035 

.012 

.008 

.012 

.035 

.266 

3.81 

Flame  Arc 

200 

25 

3.82 

.276 

.07 

.276 

3.82 

.276 

.07 

.276 

3.82 

Inclined 

800 

40 

1.49 

.32 

.055 

.0165 

.0064 

.0032 

.0021 

.0017 

.0016 

400 

40 

1.49 

.32 

.057 

.0168 

.0128 

.0168 

.057 

.32 

1.49 

200 

40 

1.50 

.34 

.112 

.34 

1.50 

.34 

.112 

.34 

1,50 

800 

25 

.28 

.032 

.0044 

.0016 

.0007 

.0003 

400 

25 

.28 

.032 

.0044 

.0016 

.0014 

.0016 

.0044 

.032 

.28 

6.6  Amp.  A  C. 

200 

25 

.28 

.035 

.009 

.035 

.28 

.035 

.009 

.035 

.28 

Knclo.secl 

800 

40 

.11 

.042 

.008 

.0024 

.0011 

.0005 

.0003 

400 

40 

.11 

.042 

.008 

.003 

.0022 

.003 

.008 

.042 

.11 

200 

40 

.11 

.045 

.016 

.045 

.11 

.045 

.016 

.045 

.11 

350  C  P. 

Tungsten 


800 

25 

.37 

.063 

.0095 

.003 

.0012 

.0006 

.0004 

.0002 

400 

25 

.37 

.032 

.01 

.004 

.0024 

.004 

.01 

.032 

200 

25 

.37 

.038 

.025 

.038 

.37 

.038 

.025 

.038 

.0002 

.37 

.37 


2iX)  C.  P. 
Tungsten 


400 

20 

.362 

.035 

.011 

.005 

.003 

.005 

.011 

.035 

200 

20 

.365 

.04 

.023 

.04 

.365 

.04 

.023 

.04 

.362 
.365 


100  C.  P. 

Tungsten 


d 

h 

0 

25 

50 

75 

100 

125 

150 

175 

200 
100 

20 
20 

.181 
.183 

.078 
.084 

.015 

.034 

.0068 
.084 

.005 
.183 

.068 
.084 

.018 
.034 

.078 
.084 

.181 
.183 


60  C.  P. 

Tungsten 


300 

,0 

.11 

.046 

.01 

.004 

.003 

.004 

.01 

.046 

100 

20 

.11 

.052 

.021 

.052 

.11 

.052 

.021 

.052 

.11 
.11 


32  C.  P. 
Tungsten 


200 

20 

.06 

.024 

.005 

.002 

.002 

.002 

.005 

.024 

100 

20 

.09 

.028 

.010 

.028 

.06 

.028 

.010 

.028 
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VI.     Street  Lighting 

Street  lighting  in  different  parts  of  a  city  must  serve  various 
purposes.  For  utility  and  safety,  the  business  streets  require  a 
different  treatment  from  the  residence  streets  and  suburban  dis- 
tricts. Parks  and  open  places  require  a  still  different  arrange- 
ment of  lights.     A  good  division  of  the  city  is  the  following: 

A     Principal  business  streets; 

B     Important  cross  streets  and  boulevards; 

C     Residence  streets; 

D     Outlying  districts. 

14.  Basintss  Streets. — In  the  principal  business  streets,  the 
illumination  should  be  more  or  less  brilliant.  It  should  be  as  uni- 
form as  possible,  and  of  sufficient  intensity  to  enable  one  to  read 
ordinary  sized  print, i.e., at  least  .25  to  1  foot  candle.  In  many  cities 
in  Europe,  the  inclined  carbon  flame  arc  is  used  for  these  streets. 
The  lamps  are  suspended  over  the  center  of  the  street  from  tall 
ornamental  poles  on  both  sides,  and  at  a  height  of  from  40  to  50  ft. 
They  are  spaced  from  four  to  five  times  their  height.  These  pro- 
duce a  very  beautiful  effect,  and  the  street  is  brightly  illuminated. 
With  the  reflection  from  buildings,  the  illumination  averages  about 
two  foot  candles.  This  lighting  is  also  carried  out  for  short  dis- 
tances into  the  cross  streets.  In  this  country,  the  flame  arc  has 
not  met  with  favor  on  account  of  the  high  operating  cost  for  the 
short  burning  arc.  With  the  advent  of  the  more  modern  long 
burning  flame  arc,  this  objection  can  not  be  made,  since,  in  light- 
ing from  large  units  spaced  comparatively  near  together,  the 
number  of  the  lights  will  be  nearly  inversely  to  the  mean  lower 
hemispherical  candle  power.  This  will  be  more  apparent  later. 
The  standard  for  such  lighting  has  not  yet  been  set  in  this  country. 
There  is  now  a  strong  tendency  towards  clusters  of  tungsten  lights, 
or  arc  lights  on  ornamental  poles,  placed  low  on  both  sides  of  the 
street.  It  is  claimed  justly  that  the  best  lighted  streets  attract 
the  crowds  and  hence  m.erchants  are  insisting  upon  brighter  and 
brighter  illumination  on  their  streets,  even  assisting  the  city  in 
meeting  the  additional  cost  of  maintenance. 

15.  Cross  Streets  and  Boulevards. — The  boulevards  and  cross 
streets  require  a  much  less  brilliant  illumination.  The  principal 
cross  streets  do  not  usually  have  shade  trees,  and  may  be  lighted 
either  by  high  intensity  lamps  suspended  high  or  low  intensity 
lamps  more  closely  spaced  and  supported  low.  The  general  char- 
acteristics of  the  streets  will  indicate  the  type  of  lighting  to  be 
used.     In  such  streets,  heavy  slow  moving  traffic  is  usual.     The 
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boulevards,  on  the  other  hand,  are  usually  shaded  and  require  the 
lights  to  be  suspended  low  unless  the  streets  are  very  wide.  For 
shaded  streets,  lights  upon  ornamental  poles  at  the  sides  of  the 
streets  are  preferable  to  those  suspended  over  the  center,  on 
account  of  the  character  of  the  street.  By  this  is  meant  that  since 
such  a  street  is  used  mostly  for  light  vehicles,  moving  more  or  less 
rapidly,  lights  should  not  be  hung  so  as  to  blind  the  drivers.  The 
appearance  of  such  a  street  is  improved  by  side  lighting,  or  lights 
suspended  fairly  high  over  the  center  of  wide  streets.  Probably 
from  .  10  to  .5  foot  candle  is  a  good  figure  to  use. 

16.  Residence  Streets. — Residence  streets  should  have  one 
light  at  each  street  crossing,  for  the  safety  of  vehicles  and  pedes- 
trians approaching  these  crossings,  as  collisions  are  more  liable  to 
occur  at  such  points.  These  streets  are  usually  rather  narrow 
and  densely  shaded,  thus  requiring  the  lights  to  be  supported  not 
over  15  to  25  ft.  above  the  street  surface.  The  maximum  illumi- 
nation should  not  be  too  high  or  the  minimum  too  low.  The 
general  average  of  the  illumination  should,  however,  be  low.  The 
character  and  color  of  the  surface  has  a  marked  effect  upon  the 
lighting  of  such  streets.  It  is  well  known  that  a  street  with  snow 
upon  its  surface  appears  much  better  lighted  than  the  same  one 
when  the  snow  has  disappeared.  It  is  usual  in  dim  illumination 
to  see  nearly  all  obstructions  as  dark  objects  against  the  lighter 
background  of  the  lighted  street.  S  uch  a  contrast  is  more  distinct  if 
the  background  is  lighter.  A  macadamized  road  or  asphalt  pave- 
ment needs  much  more  illumination  than  one  paved  with  light 
bricks.  It  will  be  seen  from  Tables  4  to  13  that  lights  will  not 
give  good  illumination  at  the  middle  of  blocks  400  ft.  long,  if  the 
lights  are  25  ft  or  less  above  the  street.  The  illumination  in  the 
immediate  neighborhood  of  most  arc  lights  is  also  higher  than 
necessary  for  this  class  of  street.  In  crooked  streets  or  where 
the  surface  is  uneven  or  hilly,  lights  must  be  spaced  more  closely 
than  at  every  street  crossing.  Residence  street  lighting  is  the 
particular  field  for  the  incandescent  light.  In  choosing  a  light  for 
this  class  of  service,  the  economic  limit  comes  in  the  ordinary 
spacing  of  poles  on  the  street,  and  the  lowest  value  of  illumination 
allowable  immediately  below  the  light.  A  street  having  many 
small  lights,  hung  low  and  spaced  rather  closely  together,  has 
long  been  associated  with  the  narrow  street  of  the  poorer  quarter 
with  its  dingy  appearance.  The  brilliant  effect  and  white  light 
from  the  tungsten  light  has  done  much  to  dispel  this  prejudice. 
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17.  Outlying  Districts. — In  the  outlying  districts,  either  the 
tuQgsten  light  or  an  arc  light  having  low  operating  cost  may  be 
used.  It  is  seldom  that  a  community  can  afford  to  have  an  arc 
light  at  each  street  intersection  in  such  a  district.  Hence  for 
protection  and  safety,  the  tungsten  light  may  be  used  to  good  ad- 
vantage. A  difference  here  may  also  be  made  between  streets 
connecting  trade  centers  and  cross  streets.  The  former  may  be 
treated  as  boulevards  or  as  residence  streets,  according  to  the 
traffic  conditions. 

It  is  thus  seen  that  no  specific  rules  can  be  laid  down  in 
street  lighting.  Each  case  to  be  handle,d  is  more  or  less  special. 
However  in  choosing  a  general  lighting  scheme  for  any  city,  the 
central  station  furnishing  the  power  must  also  be  considered. 
It  would  of  course,  not  be  feasible  to  specify  a  variety  of  lights, 
requiring  varied  generating  apparatus.  In  any  system,  the  sta- 
tion apparatus  should  be  interchangeable  from  one  circuit  to 
another  for  continuity  of  service  and  low  first  cost  and  mainten- 
ance. Thus,  if  D.  C  lamps  are  chosen,  they  should  all  have  the 
same  current  consumption  and  this  should  also  fit  well  within- 
candescent  lamps  on  the  market.  On  the  other  hand  small  com- 
pensators may  be  supplied  with  each  A.  C.  lamp  to  adapt  it  to 
any  A.  C.  circuit.  Wires  in  series  circuits  have  a  voltage  upon 
them  at  the  station,  dangerous  to  personal  safety.  The  circuit 
may  become  accidentally  grounded  at  some  point,  either  by  con- 
tact with  a  telephone  wire  or  the  limb  of  a  tree  when  wet.  In 
such  case,  the  fall  voltage  may  exist  between  the  other  wire  and 
ground.  Hence,  for  safety  to  persons,  these  wires  should  not  be 
allowed  too  near  the  ground.  They  are  usually  required  to  be 
strung  on  the  upper  cross  arm  of  the  poles.  If  they  are  brought 
down  to  incandescent  lamps,  suspended  too  low  or  strung  on  low 
poles,  serious  accidents  are  liable  to  occur.  To  avoid  this,  es- 
pecially low  poles  should  not  be  used  for  series  lighting.  For 
such  service,  tungsten  multiple  110  volt  lamps  may  be  used  from 
special  feeder  circuits  or  series  lights  on  ornamental  posts  fed 
from  armored  cables  buried  in  the  ground.  This  latter  applies 
especially  to  ornamental  park  lighting. 

VII.     Cost  of  Operation 

The  choice  of  a  lamp  for  a  given  class  of  street  lighting  de- 
pends upon  the  illumination  which  may  be  obtained  from  the  lamp 
and  upon  its  cost  of  operation.  A  flat  rate  is  usually  made  for 
street  lighting;  i.  e. ,  a  charge  of  so  many  dollars   per  lamp  per 
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year.    The  items  which  enter  into  a  consideration  of  these  charges 
are: 

A     Fixed  charges; 

B     Maintenance  charges; 

C     Energy  charge. 
These  items,  together  with  the  number  of  hours  in  operation, 
or  schedule,  determine  the  rate  to  be  charged  for  the  service. 
These  will  be  considered  in  the  order  named. 

18.  Fixed  Charges. — In  this  item  is  considered  a  charge  of  6 
per  cent,  covering  interest  on  the  capital  invested,  taxes,  insurance, 
etc. ,  and  a  depreciation  charge  of  10  per  cent.  This  latter  charge, 
if  deposited  at  5  per  cent  in  a  sinking  fund,  would  replace  the 
equipment  in  from  eight  to  nine  years.  With  the  present  rapid 
advance  in  the  development  of  lamps,  this  figure  seems  conserva- 
tive. It  means  that  replacement  is  due  to  advance  in  the  art, 
rather  than  to  the  complete  deterioration  of  the  appa^*atus.  On 
the  other  hand,  the  depreciation  charge  depends  also  upon  the 
life  of  the  city  ordinance.  If  the  ordinance  is  for  five  years,  the 
depreciation  should  be  18  per  cent  instead  of  10  per  cent,  since  the 
city  may  require  an  entire  change  of  its  system  at  the  end  of  the 
contract  or  award  the  contract  to  some  other  competing  company. 

19.  Maintenance  Charges. — In  the  following  table,  this  charge 
is  itemized  and  computed  on  the  basis  of  1000  hours'  operation.  It 
covers  the  cost  of  renewals,  due  to  the  consumption  of  electrodes, 
breakage  of  glassware,  repairs  to  the  mechanism  of  the  lamp, 
and  a  charge  for  labor  in  trimming,  cleaning  of  glassware  and 
reflectors,  inspection,  store  room  charges,  etc.  These  figures 
represent  an  average  installation,  say  of  400  arc  lamps  or  their 
equivalent  in  incandescent  lamps.  The  trimming  cost  for  tung- 
sten lamps  is  low  on  account  of  the  long  life  of  these  units.  The 
arc  lamps  are  supposed  to  be  cleaned  and  inspected  by  the  trim- 
mer. In  the  case  of  the  tungsten  lamps,  it  is  assumed  that  the 
reflectors  will  be  thoroughly  inspected  and  cleaned  each  time  the 
lamps  are  renewed  and  also  at  regular  intervals,  say  four  times 
per  year,  independent  of  the  schedule.  Hence  this  cleaning 
charge  is  placed  as  an  annual  charge  instead  of  on  the  basis  of 
1000  hours. 

20.  Energy  Charge. — Energy  is  usually  computed  upon  the 
basis  of  the  kilowatt  hours  consumed.  For  convenience  of  compari- 
son, the  cost  of  energy  at  the  lamp  terminals,  rather  than  at  the 
station  switchboard,  is  considered  here.  The  energy  charge 
will  then  cover  the  cost  of  delivering  this  power,  such  as  depreci- 
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ation  on  station  apparatus,  poles,  wires,  etc.,  and  the  maintenance 
charges  on  the  same.  In  order  to  compare  direct  and  alternating 
current  lamps  operated  from  the  same  station,  the  cost  of  the 
rectifier  outfit  is  included  in  the  cost  of  the  direct  current  lamps, 
and  its  depreciation  charge  is  placed  there  also.  The  efficiency 
of  a  rectifier  outfit  may  be  taken  as  87.5  per  cent.  The  loss  of 
energy  must  therefore  be  charged  to  the  D.  C.  lamps.  This 
charge  is  made  by  increasing  the  cost  of  energy  in  line  31,  Table 
15,  inversely  in  the  ratio  of  the  efficiency  to  100  per  cent.  These 
values  are  then  used  in  Tables  17  and  18  and  in  line  31, 
Table  15.  No  accurate  information  is  available  as  to  the 
energy  charge  for  the  different  stations  of  this  State.  Tables  15 
and  16  have  been  computed  with  an  energy  charge  of  one 
cent  per  kilowatt  hour.  Prom  Tables  15  and  16,  Tables  17  and  18 
have  been  computed  for  two  schedules  and  an  energy  charge  from 
one  cent  to  five  cents  per  kilowatt  hour.  Curves  have  also  been 
drawn  between  energy  charge  and  cost  of  operation  per  lamp  per 
year  for  two  different  schedules.  These  are  shown  in  Fig.  25  to 
28.  They  show  a  ready  comparison  between  the  operating  cost 
of  the  different  lamps  chosen.  There  are  many  factors  which 
affect  the  cost  of  energy  in  different  cities.  Some  of  these  are 
the  following: 

A     Cost  of  coal  delivered  at  the  power  plant; 

B     Available  water  power  or  natural  gas; 

C  Cost  of  the  land  on  which  the  plant  is  located  and  taxes 
on  the  same; 

D     Amount  of  power  developed  and  the  load  factor; 

E     Available  market  for  steam  heat; 

F  Cost  of  delivering  the  power  to  the  consumer,  (under  this 
item  will  come  type  of  construction,  whether  pole  lines  or  conduits 
and  taxes  or  rentals  on  the  same); 

G     Interest  and  depreciation  on  the  equipment. 
These  items  vary  so  widely  in  different  localities  that  the  writers 
have  not  attempted  to  make  any  definite  statements. 

21.  Schedules. — There  are  numerous  schedules  in  use  in  this 
country.  The  "all  night  and  every  night",  or  4000  hours  per  year 
schedule  is  used  in  most  cities  having  a  population  of  20,000  and 
over.  In  smaller  cities  and  suburban  districts,  various  moonlight 
schedules  are  in  use,  the  average  of  these  being  about  2500  hours 
per  year.  This  latter  schedule  is  supposed  to  approximate  moon- 
light every  night  in  the  year.  The  intensity  of  illumination  at 
the  first  or  last  quarter  of  the  moon  is  only  about  one- tenth  of  that 
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at  full  moon  instead  of  one-half  as  might  be  supposed.  Hence  the 
moonlight  schedule  should  be  more  nearly  three-fourths  of  the 
all  night  schedule,  instead  of  from  one-half  to  five-eighths  that 
amount.  In  small  cities,  where  only  a  few  circuits  are  necessary, 
and  where  a  duplicate  set  of  station  equipment  cannot  be  afforded, 
the  all  night  and  every  night  schedule  may  be  approximated  by 
allowing  four  nights  each  month  near  full  moon  when  the  lights 
on  certain  circuits  may  be  turned  off,  allowing  the  necessary  re- 
pairs to  be  made.  Many  other  schedules  are  also  in  use  but  are 
not  listed  here.  Calculations  covering  the  cost  of  operation  of 
lamps  may  be  made  in  a  manner  similar  to  those  for  Tables  17  and 
18. 

Cost  Tables 

To  illustrate  how  the  values  in  Table  17  are  derived  the  follow- 
ing problem  is  chosen. 

Problem. — Assume  a  6.6  amperes, alternating  current,  enclosed 
arc  lamp  to  be  operating  on  a  4000  hour  schedule,  the  energy 
costs  being  three  cents  per  kilowatt  hour.  What  will  be  the  cost 
of  operating  this  lamp  for  one  year? 

From  Table  If. — 

For  1000  Hours  and  One  Cent  per  Kilowatt  Hour,  (See 
Table  15): 

Annual  fixed  charges  $3 .  20 

Maintenance  per  1000  hours  2 .  30 

Energy  per  1000  hours  at  one  cent  4 .  25 

For  4000  Hours  at  Three  Cents  per  Kilowatt  Hour, 

Annual  fixed  charges  $3 .  20 

Maintenance  charges  for  4000  hours=4X2.30=         9.20 

Energy  for  4000  hours  at  three  cents =4X3X4. 25  =^U00 
Total  charge  per  lamp  per  year,  $63 .  40 

A  total  charge  of  $70.00  per  lamp  per  year  would  represent  a 
fair  profit  to  the  central  station. 

An  analysis  of  the  three  factors  entering  into  the  operating 
cost  of  street  lamps  may  be  made  from  Tables  15  to  18.  It  is  at 
once  apparent  that  none  of  the  factors  may  be  omitted  safely  for 
any  of  the  lamps.  The  greater  the  number  of  hours  burning  per 
year,  the  less  the  importance  of  the  fixed  charge.  On  the  other 
hand,  the  shorter  the  schedule,  the  more  important  the  fixed 
charge,  and  the  less  the  importance  of  the  maintenance  and  en- 
ergy charges.  Another  fact  clearly  shown  is  the  effect  upon 
annual  cost  of  the  length  of  life  of  the  electrodes  per  trim.     The 
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Fig.  25.    Curves  Showing  Annual  Operating  (Jost  of  Arc  Lamps 
ON  4000-Hr.  Schedule 
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TABLE  17 
Operating  Cost  on  4000-Hour  Schedule 


ITEMS 


o.Sq 
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H    «:; 

Fob  1000  HocHS  FROM  Table 

Annual  fixed  charge 

Maintenance  for  1000  hours 

Energy  per  1000  hours  at  1  cent  per  K.  W.  Hr. 


2.40 
5.42 
4.80 


5.52 
2.27 
5.42 


3.20  3.20 
1.94  1.87 
4.80         4.25 


6.40 
3.03 
6.05 


Annual  Cost  4000  Hour  Schedule 

Annual  fixed  charge  (1) 

Maintenance,  4  X  (2) 

Energy  at  1  cent.  4  X  (3) 

"  2  ceats,  2  X  4  X  (3) 

"3      •'    ,3X4X(3) 

"4       "     ,4X4X(3i. 

"5       "     ,  5X4X  (3) 


2.40 
21.68 
19.20 
38.40 
57.60 
76.80 
96.00 


5.52 
9.08 
21.70 
43.40 
65.20 
86.80 
108.50 


3.20 
7.76 
19  20 
38.40 
57.60 
76,80 
36.00 


3.20 

7.48 
17. ai 
34.00 
51,00 
68.00 
85.00 


6.40 
12.12 
24.20 
48.40 
72.60 
96.80 
111.00 


Total  Annual  Opebattng  Cost 

Total  cost  per  lamp,    1    cent   per  K.    W.    Hr 

(4)  +  (5)  +(6) 

Total  cost  per  lamp,  2  cents   per  K.    W.    Hr 

(4)  +  (5)  +  (7) 

Total  cost  per  lamp,  3  cents   per  K.    W.    Hr 

(4) +  (5) +  (8)  

Total  cost  per  lamp,  4  cents    per  K.    W.    Hr 

(4)  +  (5)  +  (9) 

Total  cost  per  lamp,  5  cents   per  K.    W.    Hr 

(4)  +  (5)  +  (10)  


43.28 

36.30 

62.48 

58.00 

81.68 

79.80 

100.88 

101.40 

120.08 

123.10 

30.16 
49.36 
68.56 
87.76 
106.96 


27.68 
44.68 
61.68 
78.68 
95.68 


42.72 
66.92 
91.12 
105.32 
129.52 
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TABLE  17     {Continued) 
4000-Hour  Schedule 


.       St 

o    .5 

•      it 

O     a 

Center  Suspension 

Side  Suspe 

nsion 

V 

1° 

ao.5 

'd 
SO.S 

cdSDQ 

•■3S 

a  ■ 

id 

a   • 
en 

a   ■ 

Six 

id 

a   . 

go 

|d 

So 

^(N 

=  o 

m 

^  .3 

fc   ij 

E-^co 

b=" 

ei2 

b^ 

=^m 

rH« 

EH=" 

cHJi 

tr*m 

6.40 

9.60 

9.60 

9.60 

9.60 

.80 

.80 

.84 

1.19 

1.40 

1.36 

1.36 

1.39 

1.59 

1.79 

2.24 

13.77 

13.27 

7.45 

5.64 

.79 

.79 

.88 

1.90 

2.90 

.89 

.89 

.98 

1.95 

2.95 

3.65 

6.25 

4.67 

4.40 

3.50 

.38 

.71 

1.18 

2.36 

4.13 

.38 

.71 

1.18 

2.36 

4.13 

6.40 

9.60 

9.60 

9.60 

9.60 

.80 

.80 

.84 

1.19 

1.40 

1.36 

1.36 

1.39 

1.59 

1.79 

8.96 

55.08 

53.08 

29.80 

22.56 

3.16 

3.16 

3.52 

7.60 

11.60 

3.56 

3.56 

3.92 

7.80 

11.80 

14.60 

25.20 

18.68 

17.60 

14.00 

1.52 

2.84 

4.72 

9.44 

16.52 

1.52 

2.84 

4.72 

9.44 

16.52 

29.20 

50.40 

37.36 

35.20 

28.00 

3.04 

5.68 

9.44 

18.88 

33.04 

3.04 

5.68 

9.44 

18.88 

33.04 

43.80 

75.60 

56.04 

52.80 

42.00 

4.52 

8.52 

14.16 

28.32 

49.56 

4.56 

8.52 

14.16 

28.32 

49.56 

58.40 

100.80 

74.72 

70.40 

56.00 

6.08 

11.36 

18.88 

37.76 

66.08 

6.08 

11.36 

18  88 

37.60 

66.08 

73.00 

126.00 

93.40 

86.00 

70.00 

7.60 

14,20 

23.60 

47.20 

82.60 

7.60 

14.20 

23.60 

47.20 

82.60 

29.96 

89.88 

81.36 

57.00 

46.16 

5. 48 

6.80 

9.08 

18.23 

29.52 

6.44 

7.76 

10.03 

18.83 

30.11 

34.56 

115.08 

100.04 

74.60 

60.16 

7.00 

9.64 

13.80 

27.67 

46.04 

7.98 

10.60 

14.75 

28.27 

46.63 

59.16 

140.28 

118.72 

92.20 

74.16 

8.52 

12.48 

18.52 

37.11 

62.56 

9.48 

13.44 

19.47 

37.79 

63.15 

73.76 

165.48 

137.40 

109.80 

88.16 

10.04 

15.32 

23.24 

46.55 

79.08 

11.00 

16.28 

24.19 

47.15 

79.67 

88.36 

190.68 

156.08 

125.40 

102.16 

11.56 

18.16 

27.96 

55.99 

95.60 

12.52 

19.12 

28.91 

56.59 

96.19 
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TABLE  18 
Operating  Cost  on  2500-Hour  Schedule 


Items 

a 

cO    . 
S,aO 

■a 

0)      . 

go 

1q 
a 

C''- to 

.■Sp. 

e8«0 

Fob  1000  Hours  From  Table 

2.40 
5.42 
4.80 

5.52 
2.27 
5.42 

3.20 
1.94 

4.80 

3.20 
1.87 
4,25 

6.40 

2 
3 

3.03 

Energy  Per  1000  hours  at  1  cent  Per  K.  W.  Hour 

6,05 

Annual  Cost  2500  Hour  Schedule 

2.40 
13.55 
12.00 
24.00 
36  00 
48.00 
60.00 

5.52 
5.67 
13.55 
27.11 
40.70 
54.30 
67.70 

3,20 
4.85 
12.00 
24.00 
36.00 
48.00 
60.00 

3.20 
4.67 
10.62 
21.24 
31.86 
42.48 
53.10 

6,40 

5 

7.57 

6 

7 
8 
g 

Energy  at  1  cent,  2.5  X  (3) 

Energy  at  2  cents,  2.5x2x  (3) 

Energy  at  3  cents,  2.5x  3x  (3) 

15.10 
30.20 
45.30 
60,40 

10 

75.50 

11 

Total  Annual  Operating  Cost 

Total  Cost  Per  Lamp,   1    cent  Per   K.  W.  Hr. 
(4)  _f-(5j  _}- (g)            

27,95 
39.95 
51.95 
63.95 
75.95 

24.74 
38.30 
51.89 
65.49 

78.89 

20.05 
32.05 
44.05 
56.05 
68.05 

18.49 
29.11 
39,73 
50.35 
60.97 

29.07 

12 

Total  Cost  Per  Lamp,  2  cents  Per  K.   W.  Hr. 
(4)  +  15)  +  tTI .... 

44.17 

13 

Total  Cost  Per  Lamp,  3  cents  Per  K.  W.  Hr. 
U)  -|-<5)  +  (8) 

59.27 

14 

Total  Cost  Per  Lamp,  4  cents  PerK.    W.  Hr. 
(4)  -^  (5>  +  (9) 

74.37 

15 

Total  Cost  Per  Lamp,  5  cents,  Per  K.  W.  Hr. 

(4)  +  (51+  (101 

89.47 
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TABLE  18    {Continued) 
2500-Hour  Schedule 


6.40 
2.24 
3.65 


faQa 


6.40 

9.60 

5.60 

34.42 

9.14 

15.70 

18.30 

31.40 

27.40 

47.10 

36.50 

62.80 

45.70 

78.60 

9.60 
13.77 
6.26 


ao.i 


9.60 
13.27 
4.67 


9.60 
33.11 
11.67 
23.34 
35.01 
46.68 
58.35 


S  <v  , 


9.60 
7.45 
4.40 


9.60 
18.62 
11.00 
22.00 
33  UO 
44.00 
55.00 


9.60 
5.64 
3.50 


Center  Suspensions 


d    . 


a   ■ 
a-" 


9.60 

.80 

14.10 

1.97 

8.75 

.95 

17.50 

1.90 

26.25 

2.85 

35.00 

3.80 

43.75 

4.75 

.80 
1.97 
1.77 
3.54 
5.31 
7.08 
8.85 


£Ph 


e- 


.84 

.88 

1.18 


bio 


1.19 

1.90 
2.36 


.84 
2.20 
2.95 
5.90 
8. 85 
11.80 
14.75 


1.19 
4.75 
5.90 
11.80 
17.70 
23.60 
29  50 


3  ^ 


1.40 
2.90 
4.13 


1.40 
7.25 
10.32 
20.64 
30  96 
41.28 
51.60 


Side  Suspension 


SPM 


1.36 
.89 
.38 


1.36 
2  22 
.95 
1.90 
2.85 
3.80 
4.75 


2^ 


1.36 
.89 
.71 


1.36 
2.22 
1.77 
3.54 
5.31 
7.08 
8.85 


1.39 

.98 

1.18 


1.39 
2.45 
2.95 
5.90 
8.85 
11.90 
14.75 


hlQ 


1.59 
1.95 
2.36 


1.59 

4.87 
5.90 
11.80 
17.70 
23.60 
29.50 


£o 


1.79 
2.95 
4.13 


1.79 
7.37 
10  32 
20  64 
30.96 
41.28 
51.60 


21.14 
30.30 
39.40 
48.50 
57.70 


59.72 
75.42 
91.12 
106.82 
123. 62 


54.44 

39.22 

32.45 

3.72 

66.11 

50.02 

41.20 

4.67 

77.78 

61.22 

49.95 

5.62 

89.45 

72.22 

58.70 

6.57 

101.12 

83.22 

67.45 

7.52 

4.54 
6.31 
8.08 
9.85 
11.62 


5.99 
8.94 
11.89 
14.84 
17.79 


11.81 
17.74 
23.64 
29.54 
35.41 


18.97 
29.29 
39.61 
49.93 
60  25 


4.53 
5.48 
6.43 
7.38 
8.33 


5.35 
7.12 
8.89 
10.66 
12.43 


6.79 

9.74 

12.69 

15.64 

18  59 


12.36 
18.26 
24.16 
30.06 
35.96 


19.48 
29.80 
40.12 
50.44 
60.76 
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/  ^  J  4  S  6  7 

Fig.  26.    Curves  Showing  Annual  Operating  Cost  of  Arc  Lamps 
ON  2500-Hr.  Schedule 
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Fig.  27.    Curves  Showing  Annual  Operating  Cost  of  Tungsten 
Lamps  on  4000-Hr.  Schedule 


56 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


100 

/ 

~ 

90 

/ 

/ 

/ 

80 

/ 

/ 

70 

J 

/ 

/ 

/ 

/ 

\    so 

\ 

,5:    50 

/k 

V 

/ 

/ 

> 

/ 

/ 

/ 

/ 

^ 

V^ 

/ 

/ 

/ 

//> 

/ 

/ 

^ 

jA 

A' 

30 

/ 

/ 

^^ 

^ 

/ 

/ 

/ 

^ 

y^ 

20 

/ 

/ 

/ 

/ 

^^ 

^ 

• 

/ 

/ 

/ 

^ 

\ 

-g^ 

^^ 

"^ 

/o 

V 

/ 

^ 

^ 

-^ 

—  32^ 

^ 

— 

— - 

0  7  Z  3  4-  S  6 

Fig.  28.    Curves  Showing  Annual,  Operating  Cost  of  Tungsten 
Lamps  on  2500 -Hr.  Schedule 
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item  of  labor  and  supplies  is  large  for  the  open  arc,  and  for  short 
burning  flame  arcs.  In  fact,  the  maintenance  charge  on  these 
lamps  is  nearly  equal  to  the  total  operating  charge  on  some  of  the 
other  lamps.  This  is  not  offset  by  a  proportionately  greater 
amount  of  light.  In  the  tungsten  lamps,  the  energy  charge  is 
rather  more  important  than  in  most  of  the  arc  lamps,  but  the 
fixed  and  maintenance  charges  are  low  on  account  of  the  long  life 
of  these  lamps.  Although  the  cost  of  each  renewal  is  rather  high, 
only  very  few  renewals  have  to  be  made  each  year. 

In  the  case  of  cities  where  a  lighting  system  using  series 
lights  is  already  installed,  the  question  arises  as  to  the  proper 
rate  to  be  agreed  upon  in  a  new  ordinance.  This  is  usually  com- 
puted on  the  basis  of  the  lights  at  present  in  use,  or  these  lights 
replaced  by  the  same  number  of  lamps  of  some  different  type, 
[n  fixing  the  rate  for  these  new  lights,  Tables  17  and  18  or  Pig.  22 
to  28  will  be  of  direct  application,  since  the  rate  will  be  in  propor- 
tion to  the  cost  per  lamp  per  year.  A  comparison  of  the  lamps 
jn  the  basis  of  street  distribution  will  show  whether  the  new  lamp 
is  equivalent  to  the  old  one  in  illuminating  power.  It  will  be  seen 
that  with  four  cent  energy,  a  saving  of  $4  per  lamp  per  year  may 
be  expected  by  replacing  6.6  amperes  A.  C.  lamps  with  4.0  ampere 
magnetites.  At  the  same  time,  the  street  illumination  is  improved. 
For  100  lamps,  this  means  a  saving  of  $400  per  year  on  the  4000 
hour  schedule.  The  200  C.  P.  tungsten  light  would  give  as  good 
satisfaction  as  the  6.6  amperes  A.  C. ,  on  account  of  its  steady  light, 
and  at  a  saving  of  $3200  per  year  for  the  100  lights. 

It  has  been  shown,  from  the  comparison  of  Tables  17  and  18, 
that  the  high  cost  of  maintenance  for  short  burning  lamps  makes 
their  yearly  cost  very  high  on  any  schedule  or  cost  of  energy,  in 
comparison  with  the  long  burning  lamps.  This  can  be  compen- 
sated for  only  by  the  use  of  fewer  lamps.  It  will  be  seen,  how- 
ever, that  for  residence  districts,  the  illumination  is  so  low  at  the 
minimum  point  that  none  of  the  lamps  can  be  spaced  at  a  greater 
distance  than  400  ft.,  or  one  block.  Hence  the  comparison  of  arc 
lamps  for  this  class  of  service  must  be  made  upon  this  spacing. 
The  illumination  on  such  streets  can  be  improved  only  by  using 
smaller  units  spaced  closer  together.  This  is  the  special  field  for 
the  tangsten  lamps.  To  show  this  more  clearly,  the  following 
comparison  has  been  made. 

Problem. — To  light  a  shaded  residence  street  one  mile  long, 
400  ft.  blocks,  energy  being  assumed  at  three  cents  per  kilowatt 
hour  and  the  4000  hour  schedule.      Using  only  the  lower   cost 
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lamps,  Table  19,  page  59,  has  been  computed.  It  is  seen 
that  a  good  minimum  and  low  maximum  illumination  can  be 
produced  by  using  tungsten  lamps.  There  will  be  required  14 
lamps  at  400  ft.  or  27  lamps  at  200  ft.  or  53  lamps  at  100  ft.  This 
is  assuming  that  poles  are  spaced  conveniently  for  this  arrange- 
ment. It  will  be  seen  that  nearly  as  good  illumination  is  produced 
by  60  C.  P.  tungstens,  spaced  100  ft.  apart,  as  by  any  of  the  arc 
lights,  except  the  6. 6  amperes  magnetite,  and  at  a  cost  of  only  $713 
per  year,  compared  with  $3220  for  the  6.6  A.  C.  enclosed.  Prob- 
ably the  200  C.  P.  tungsten  would  be  selected  at  200  ft.  spacing, 
costing  $1020,  since  the  street  would  appear  much  more  brilliant- 
ly lighted  than  with  the  60  C.  P.  Other  comparisons  will  doubt- 
less suggest  themselves,  depending  upon  local  conditions. 

VII.     Summary  and  Conclusions 

Prom  Tables  1,  2  and  3,  it  is  seen  that  for  uniform  distribu- 
tion of  illumination  on  a  surface  from  single  light  sources,  their 
illumination  nob  overlapping  to  any  extent  requires  very  low 
values  of  intensity  at  angles  near  the  vertical,  and  to  as  wide  an 
angle  as  60°,  except  where  the  lights  are  suspended  high  over  the 
surface  to  be  illuminated.  A  comparison  of  the  curves  in  Fig. 
3,  4  and  5  for  arc  lamps  with  these  tables  shows  that  none  of 
these  distribution  curves  can  be  expected  to  give  uniform  low 
illumination.  Curves  of  the  shape  of  those  shown  by  B  or  C,  Fig. 
3,  or  A  or  C,  Fig.  5,  will  give  wider  uniform  distribution  than  the 
other  curves  shown.  Curve  A,  Fig.  3,  shows  that  a  bright  ring  of 
light  must  be  expected  at  a  distance  from  the  base  of  the  lamp  equal 
to  the  light  with  a  dark  circular  area  within,  and  a  rather  abrupt 
dark  area  without.  For  curves  in  Pig.  4,  the  lamps  must  be  spaced 
a  little  farther  apart  than  their  height.  A  considerable  amount  of 
light  between  60°  and  90°  is  available  for  overlapping.  Curves  B 
and  D,  Fig.  5,  and  the  curves  on  Fig.  6  show  that  these  lamps  must 
be  used  spaced  rather  close  together.  Inclined  carbon  flame  lamps 
can  be  used  successfully  only  for  very  bright  illumination,  on  ac- 
count of  the  intensity  at  the  zero  angle.  For  dim  uniform  illumi- 
nation, the  tungsten  light  is  the  proper  one  to  chose,  on  account 
of  the  lower  intensity  available  in  the  small  units  and  its  excellent 
distribution  curve  for  this  purpose.  This  point  is  very  strikingly 
brought  out  by  comparing  the  illumination  curves  in  Fig.  22. 

A  lamp  throwing  a  strong  light  at  a  wide  angle  must  be  sur- 
rounded by  an  opal  globe  in  order  to  lower  its  intrinsic  brilliancy. 
The  lower  the  light  is  hung  over  the  center  of  the  street,  the 
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more  is  this  important.  For  very  bright  lights  like  the  flame 
arcs,  this  must  also  be  observed,  even  when  the  lights  are  hung 
high  as  they  are  still  in  the  line  of  vision  and  effective  at  a  greater 
distance.  The  sentiment  of  the  general  public  is  beginning  to  de- 
mand this  consideration  more  and  more  each  year. 

VIII.     APPENDIX 

Definitions 

Candle- Lumen. — The  total  flux  of  light  from  a  source  is  eq  ual  to 
its  mean  spherical  intensity  multiplied   by  4^  (12.57).      The  unit 

of  flux  is  called  lumen.     A.  luyaen  is  the  —  th  (0.0796)  part  of  the 

total  flux  of  light  emitted  by  a  source  having  a  mean  spherical 
itensity  of  one  candle-power.     A  hefner-lumen  is  a  0.90  lumen. 

Candle- 2)oiver. — The  luminous  intensity  of  sources  of  light  is  ex- 
pressed in  candle-poiver.  The  unit  of  candle-power  should  be  de- 
rived from  the  standards  maintained  by  the  National  Bureau  of 
Standards  at  Washington,  D.  C.  The  hefner  is  0.90  of  this  unit. 
In  practical  measurements,  seasoned  and  carefully  standardized 
incandescent  lamps  are  more  reliable  and  accurate  than  the  prim- 
ary standard. 

Efficiency  of  Electric  Lamps. — The  efficiency  of  electric 
lamps  is  properly  stated  in  mean  spherical  candle-power  per  watt, 
and  preferably  in  lumens  per  watt  at  the  lamp  terminals. 

Electrode. — Either  of  the  terminals  of  an  arc  lamp  between 
which  the  arc  is  formed.  The  electrodes  are  sometimes  called 
the  carbons. 

Foot-candle. — Illumination  is  expressed  in  foot-candles.  A 
foot-candle  is  the  normal  illumination  produced  by  one  unit  of 
candle-power  at  a  distance  of  one  foot. 

J/ean  Horizontal  Candle-power. — The  average  intensity  of  light 
in  a  horizontal  plane  passing  through  the  center  of  light  source. 

^[ean  Spherical  Candle-power. — The  average  candle-power 
of  a  .source  taken  over  the  surface  of  a  sphere  having  its  center  at 
the  source  of  light.  It  is  numerically  equal  to  the  total  light 
emitted  divided  by  Att  (12.57). 

Mean  Hemispherical  Candle  power. — The  average  candle-power 
in  a  hemisphere  having  the  center  of  its  plane  surface  at  the  center 
of  the  light  source.     Usually  the  lower  hemisphere  is  chosen. 


Note.— The  hefner  is  a  unit  used  mostly  in  Germany.      It  is  smaller  than  the  candle-power. 
1  hefner  =  .9  candle  power. 
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Moonlight  Schedule. — A  schedule  of  burning  hours  for  lamps, 
the  lamps  burning  only  when  the  moon  does  not  shine;  in  this 
bulletin,  250U  hours  burning  per  year. 

Watts  per  Candle-power. — The  specific  consumption  of  an  elec- 
tric lamp  is  its  watts  consumption  per  mean  spherical  candle- 
power.  "Watts  per  candle"  is  a  term  used  commercially  in  con- 
nection with  incandescent  lamps,  and  denotes  watts  per  mean 
horizontal  candle  power. 

Load  Factor. — Load  factor  is  the  ratio  between  the  average 
load  and  the  maximum  load  for  the  given  day. 

Beading  Distance. — Where  standard  photometric  measurements 
are  impracticable,  approximate  measurements  of  illuminants  used 
as  street  lamps  may  be  made  by  comparing  their  "reading  dis- 
tances", i.  e.,  by  determining  alternately  the  distances  at  which  an 
ordinary  size  of  reading  print  can  just  be  read,  by  the  same  person 
or  persons,  where  all  other  light  is  screened.  The  angle  below 
the  horizontal  at  which  the  measurement  is  made  should  be  speci- 
fied when  it  exceeds  15°. 
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'Bulletin    No.    5.    Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman.    1906.    Fifteen 
cents. 

'Bulletin    No.    6.    Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.      1906.    Thirty- 
five  cents. 
«  'Bulletin    No.    7.    Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge,  S.  W.  Parr  and 

Hiory  B.  Dirks.    1906.     Thirty-five  cents. 

'Bulletin    No.    8.    Tests  of  Concrete:  I.  Shear;  II.   Bond,  by  Arthur  N.  Talbot.    1906 
None  available. 

'  Halletin    No.    9.    An  Extension  of  the  Dewey  Decimal  System  of  Classification   Ap- 
plied to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Goodenough.     1906.    None 
availahle . 
•>«  'Bulletin    No.    10.  Tests   of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1906,  by 

Arthur  N    Talbot.    1907.    None  available. 
-I'  'Bulletin    No.  11.    The  Effect  of  Scale  on  the  Transmission  of  Heat  through  Locomotive 

Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.     1907.    Fifteen  cents. 
■"  'Bulletin    No.  12.    Tests   of  Reinforced  Concrete  T-beams,  Series  of  1906,  by  Arthur  N. 

Talbot.     1907.    None  available. 
_4-  'Bulletin    No.  13.     An  Extension  of  the  Dewey  Decimal  System  of  Classification  Applied 

to  Architecture  and  Building,  by  N.  Clifford  Ricker.    1907.     Fifty  cents. 
-•  'Hulletin     No    14.    Tests  of  Reinforced  Concrete    Beams,  Series  of  1906,   by  Arthur  N. 

Talbot,     1907.    None  available . 
»  'Bulletin    No.  lb.    How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breckenridge.  1908 

Twenty- five  cents. 
*  'Bulletin    No.  16.    A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.     1908.    Fifteen  cents. 

—  'Bulletin    No.  n     The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton,  and  W.  F. 
Wheeler.     1908.     Twenty  cents. 

•m  'Bulletin    No.  18.    TheStrengthof  Chain  Links,  by  G.  A.  Goodenough  and  L.    E.  Moore. 

1908.    Forty  cents. 

^  'Bulletin    No.  19.    Comparative  Tests  of  Carbon.  Metallized  Carbon  and  Tantalum  Fila- 

ment Lamps,  by  T.  H.  Amrine.    1908      Twenty-five  cents. 

,m  'Bulletin    No.  20.    Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1907,  by 

Arthar  N- Talbot.    1908.     None  available. 

••  *  Bulletin    No.  21.    Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Garland.    1908. 

Fifteen  cents. 

•»  'Bulletin    No.  22.    Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe,  by  Arthur  N. 

Talbit.    1908.     Thirty-five  cents . 

—  'Bulletin    No.    23.    Voids,  Settlement  and  Weight  of  Crushed  Stone,  by  Ira  O.  Baker.  1908. 
Fifteen  cents. 

-»  Bulletin    No     24.    The  Modification  of  Illinois  Coal  by  Low  Temperature  Distillation,  by 

S.  W.  Parr  and  C.  K.  Francis.    1908.     Thirty  cents. 

—  Bulletin    No      25.     Lighting  Country   Homes  by  Private  Electric    Plants,  by    T.    H. 
Amrine.     1908.     Twenty  rents. 

0i»  Bulletin      No.    26.    High  Steam-Pressures  in  Locomotive  Service.    A  Review  of  a  Report 

to  the  Carnegie  Institution  of  Washington,  by  W-  F.  M.  Goss.    1908.     Twenty-five  cents. 
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"  Bulletin     No.    27.    Tests  of  Brick  Columas  and  Terra  Cotta  Block  Columns,  by  Arthur  N. 

Talbot  and  Duff  A.  Abrams.    1909.     Thirty  cents. 
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J.  K.  Clement,  L.  H.  Adams,  and  C.  N.  Haskins.    1909.     Twenty-tive  cents. 

—  Bulletin      No.    31.    Fuel  Tests  with  House-heating  Boilers,  by  J.  M.   Snodgrrass.    1909. 
Fifty- five  cents. 

—  Bulletin      No.    32.    The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.    1909. 
Fifteen  cent.t. 

—  Bulletin     No.    33.    Tests  of  Tungsten   Lamps,  by  T.  H.  Amrine  and  A.   Guell.     1909. 
Twenty  cents. 

—  Bulletin      No.    34.    Tests  of  Two  Types  of  Tile  Roof  Furnaces  under  a  Water-tube  Boiler 
by  J.  M.  Snodgrass.    1909.    Fifteen  cents. 

—  *  Bulletin     No.    35.    A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N. 
Clifford  Ricker.    1909-     Twenty  cents. 

_  Bulletin     No.    36.    The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J . 

K.  Clement  and  W.  L.  Egy.    1909.     Twenty  cents. 
->.         *BaUetin    No.    57.    Unit  Coal  and  the  Composition  of  Coal  Ash,  by  S.  W.  Parr  and  W.  F. 

Wheeler.     1909.     Thirty-five  cents. 

—  Bulletin    No.    38.    The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F.  Wheeler.     1909. 
Twtnty-flve  cents. 

-"  Bulletin      No.  39.    Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.    1909. 

Seventy-five  cents. 
_  Bulletin      No.  40.    A  Study   in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland. 

1910.     Ten  cents. 
-»  Bulletin      No.    41.    Tests  of  Timber  Beams,  by  Arthur  N.  Talbot-    1910.     Twenty  cents. 
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1910.  Ten  cents. 

•"      Bulletin     No.    43.    Freight  Train  Resistance,  by  Edward  C.  Schmidt.    \<d\0.  Eighty  cents. 

—  Bulletin     No.    44.    An  Investigation    of   Built-up  Columns  under  Load,  by   Arthur    N. 
Talbot  and  Herbert  F.  Moore.  1911.     Thirty-five  cents. 
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Whittemore.    1911.     Thirty-five  cents. 
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ANNOUNCEMENT  CONCERNING  A  MODIFICATION  IN 
THE   RULES   GOVERNING   THE  DISTRIBUTION  OF  BULLETINS 

The  Board  of  Trustees  of  the  University  of  Illinois  voted,  Decembers, 
1910,  that  a  price  should  be  affixed  to  certain  University  publications,  among 
them  being-  the  Bulletin  of  the  Engineering  Experiment  Station. 

This  action,  so  far  as  it  concerns  the  bulletins  of  the  Engineering 
Experiment  Station,  has  for  its  purpose  a  threefold  object: 

(1)  To  provide  a  greater  degree  of  control  in  the  distribution  of  bul- 
letins. 

(2)  To  malce  possible  the  establishment  and  maintenance  of  a  trade 
circulation  through  the  regular  publishing  houses. 

(3)  To  regulate  the  distribution  of  the  reserve  or  "out-of-print"  supply. 

IT  IS  NOT  INTENDED  THAT  THIS  ACTION  SHALL  OPERATE 
IN  ANY  WAY  TO  ABRIDGE  THE  PRIVILEGES  OF  THOSE  WHO 
HAVE  HITHERTO  RECEIVED  THE  BULLETINS  OF  THE  STATION 
GRATUITOUSLY.  OR  TO  PREVENT  REASONABLE  EXTENSIONS 
OF  THE  EXISTING  MAILING  LISTS. 

Practice  under  the  new  procedure  will  be  as  follows: 

(1)  All  bulletins,  liereafter  issued,  will  have  a  price  printed  upon  the 
cover,  together  with  the  name  of  the  London  sales  agent. 

(2)  EACH  BULLETIN,  HOWEVER,  WILL  STILL  BE  SUBJECT 
TO  A  FREE  INITIAL  DISTRIBUTION,  AS  HERETOFORE,  ON  THE 
BASIS  OF  EXISTING  MAILING  LISTS. 

It  will  also  be  placed  on  sale  with  authorized  agencies,  both  in  this 
country  and  abroad. 

(3)  THERE  WILL  BE  A  LIMITED  NUMBER  OF  COPIES  AVAIL- 
ABLE FOR  FREE  DISTRIBUTION,  UPON  REQUEST,  AFTER  THE 
INITIAL  DISTRIBUTION. 

(4)  As  the  supply  of  each  bulletin  approaches  exhaustion,  it  will  be 
placed  upon  a  reserve  or  "out-of-print"  list.  THE  EFFECT  OF  THIS 
ACTION  WILL  BE  TO  WITHDRAW  SUCH  BULLETINS  FROM  FREE 
DISTRIBUTION.  Bulletins  withdrawn  from  free  distribution  will  be 
available  to  any  applicant  upon  payment  of  the  assigned  price. 

(5)  A  discount  from  the  published  price  will  be  allowed  to  news  agents 
regularly  handling  the  bulletins. 

W.  F.  M.  GOSS 

Director. 
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THE  UNIVERSITY  INCLUDES    THE 

COLLEGE  OF  LITERATURE  AND  ARTS  (Ancient  and  Modern 
Lanjfuages  and  Literatures,  Philosophical  and  Political  Sci- 
ence Groups  of  Studies,  Economics,  Commerce  and  Industry). 

COLLEGE  OF  ENGINEERING  Graduate  and  undergraduate 
courses  in  Architecture;  Architectural  Engineering;  Civil 
Engineering;  Electrical  Engineering;  Mechanical  Engineer- 
ing; Mining  Engineering;  Municipal  and  Sanitary  Eng- 
ineering; Railway  Engineering. 

COLLEGE  OF  SCIENCE  (Astronomy,  Botany,  Chemistry,  Ge- 
ology, Mathematics,  Physics,  Physiology,  Zoology). 

COLLEGE  OF  AGRICULTURE  (Animal  Husbandry,  Agronomy, 
Dairy  Husbandry,  Horticulture,  Veterinary  Science,  House- 
hold Science. 

COLLEGE  OF  LAW  (Three  years'  course). 

COLLEGE  OF  MEDICINE  (College  of  Physicians  and  Surgeons, 
Chicago).    (Four  years'  course). 

COLLEGE  OF  DENTISTRY  (Chicago),    (Three  years'  course). 

SCHOOLS— GRADUATE  SCHOOL,  MUSIC  (Voice,  Piano,  Vio- 
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AN  INVESTIGATION  OF  THE  STRENGTH  OF 
ROLLED  ZINC. 

I.     Introduction. 

1.  Uses  of  Zinc. — Zinc  is  used  as  a  constituent  of  brass  and 
other  alloys,  as  a  protective  coating  for  iron  and  steel  plate  and 
pipe,  and  as  a  preventive  against  rusting  out  of  steam  boiler 
tubes.  It  is  used  for  making  fruit  jar  covers  and  corrosion- 
resisting  cans  and  boxes.  In  the  form  of  wire,  it  is  used  for  mak- 
ing shoe  nails,  and  in  the  form  of  plates,  it  is  used  for  making 
etchings  (line  cuts)  for  the  reproduction  of  drawings.  Zinc  has 
a  wide  use  as  the  electro-negative  element  in  electric  batteries. 
The  ductility  of  zinc  is  an  important  factor  in  the  manufacture 
of  fruit  jar  covers,  cans,  battery  zincs,  or  in  other  cases  when 
it  is  to  be  bent  or  stamped  into  shape.  Zinc  is  rarely  used  as  a 
stress-carrying  member  of  a  machine  or  structure;  in  Europe 
thin  zinc  plates  are  sometimes  used  for  roofing,  and  in  a  few 
cases  electric  cables  have  been  suspended  by  strips  of  sheet  zinc, 
which  resist  atmospheric  corrosion  better  than  do  strips  of  steel 
plate. 

2.  Purpose  of  Investigation  and  Acknowledgment. — The  oc- 
casional use  of  sheet  zinc  hangers  for  supporting  electric  cables 
called  the  attention  of  the  Matthiessen  and  Hegeler  Zinc  Company 
of  La  Salle,  Illinois,  to  the  question  of  the  strength  of  rolled 
sheet  zinc,  and  it  was  found  that  few  data  were  available.  The 
matter  was  referred  to  the  attention  of  the  Engineering  Experi- 
ment Station  of  the  University  of  Illinois,  and  the  general  sub- 
ject of  the  strength  of  rolled  zinc  seemed  to  be  of  sufficient  im- 
portance to  warrant  making  tests.  A  series  of  tests  of  strength  of 
zinc  was  made  in  the  Laboratory  of  Applied  Mechanics  of  the  Uni- 
versity of  Illinois,  by  the  writer,  under  the  general  direction  of 
Professor  Arthur  N.  Talbot,  head  of  the  Department  of  Theo- 
retical and  Applied  Mechanics. 

In  addition  to  tension  tests  of  zinc,  tests  of  rolled  zinc  under 
punching  and  shearing  were  made.  In  the  course  of  the  investi- 
gation, several  tests  of  cast  zinc  were  made,  including  torsion 
and  compression  tests,  and  also  cold  bending  tests  of  rolled  zinc. 
The  results  of  all  these  tests  are  recorded  in  this  bulletin. 


4  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

3,  Existing  Data  on  the  Strength  of  Rolled  Zinc. — The  princi- 
pal tests  on  the  strength  of  rolled  zinc  have  been  made  by  Baus- 
chinger,  Martens,  and  Meyer.  Bauschinger's  tests*  showed  the 
effect  of  rapidity  of  loading  on  the  properties  of  zinc.  The  in- 
fluence of  duration  of  test  on  the  strength  of  cast  zinc  was  slight, 
but  with  rolled  zinc,  rapidity  of  testing  increased  the  tensile 
strength.  In  tests  lasting  6  min.,  the  average  ultimate  tensile 
strength  was  29100  lb.  per  sq.  in.;  in  tests  lasting  81  min.,  the 
average  ultimate  tensile  strength  was  23  300  lb.  per  sq.  in. 


TABLE  1. 

Tension  Tests  of  Rolled  Zinc;  Effect  of 

Thickness  and  of  Direction  of 

Rolling  (Martens). 


Ultimate  Tensile  Strength  Vo.  per  sq.  in. 

Thickness  of 
Plate— inches 

With  Grain 

(Parallel  to  Direction 

of  Rolling) 

Across  Grain 
(Perpendicular  to 
Direction  of  Rolling) 

0.019-0,222 

26  600-14  200 

31  800—20  200 

TABLE  2. 

Tension  Tests  of  Rolled  Zinc;  Effect  of  Teiviper- 
ATURE  OF  Test  Specimen  (Martens). 


Temperature  of 

Ultimate  Tensile 

Elongation 

Specimen 

Strength 

after  Rupture 

Degrees  Fahr. 

Ih.  per  sq.  in. 

per  cent 

66—81 

20  600 

12.4 

176 

12  500 

29.4 

248 

8  960 

59.4 

302 

5  790 

101.5 

338 

7  960 

17.1 

392 

6  120 

7.2 

Martens't  investigations  of  the  strength  of  zinc  dealt  with 
the  influence  on  strength  of  thickness  of  plate,  of  direction  of  roll- 
ing, and  of  temperature.  His  results  aresammarized  in  Table  1 
and  Table  2.  From  these  results,  it  would  seem  that  about  300°  F. 
is  the  most  favorable  rolling  temperature  for  zinc  plates,  as  at 
that  temperature  the  strength  is  low  and  the  ductility  a  maximum. 
All  Martens'  tests  were  made  on  zinc  refined  from  Silesian  ores. 


♦Mitteiluntren  aus  dem  meuhanisches— technische  Lab-    der  Technische   Hochschule   im 
Munchen,  1887.  Heft  20,  Seite  16. 

tMitteilungen  aus  mech— tech.    Versuchstantalten  in  Berlin.  Erganzungsheft  IV. 
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An  extensive  series  of  tests  of  the  strencjth  of  zinc  plates  was 
made  by  Dr.  Oswald  Meyer  of  Vienna*.  The  plates  tested  by  him 
were  all  rolled  at  the  zinc  works  of  Cilli,  in  Austria.  The  plates 
contained  from  0.021  to  104  per  cent  of  lead,  0.03  to  0.912  per 
cent  of  cidmiutn,  0.02  to  0.03  percent  of  iron,  from  a  trace  to  0.009 
per  cent  of  copper,  and  a  trace  of  arsenic.  Tests  were  made  of 
(a)  plates  as  received  from  the  zinc  works;  (b)  plates  treated  with 
nitric  acid;  and  (c)  plates  subjected  to  heat  treatment  before  test- 
ing. The  results  of  Meyer's  tension  tests  of  plates  as  received 
from  the  zinc  works,  are  shown  in  Table  3. 


TABLE  3. 

Tension  Tests  of  Rolled  Zinc  (Meyer). 

Tests  of  zinc  as  received  from  the  rolling'  mill. 
Thickness  of  plate  tested  varied  from  0.044  in.  to  0  051  in. 


Item 


With  Grain 


Across 
Grain 


Average 


Stress  at  first  permanent  set,  lb .  per  sq.  in 

Stress  at  limit  of  proportionality  of  stress  to  deforma- 
tion ,  lb.  per  sq .    in 

Yield  point,  lb.  per  sq.  in 

Ultimate,  lb    persq.  in 

Elongration,  per  cent 

Reduction  of  area,   percent 

Modulus  of  elasticity,  lb.  per  sq.  in 


1  990 

710 

11  400 

30  400 

27.2 

43 

12  850  000 


2  420 

1  280 

13  640 

36  800 

9.7 

17 

14  500  000 


8  130 

995 

12  500 

33  600 

18.5 

30 

13  620  000 


The  following  features  of  Meyer's  tests  are  worthy  of  note: 
Specimens  cut  across  grain  (perpendicular  to  the  direction  of 
rolling)  are  somewhat  stronger  and  stiifer  than  specimens  cut 
with  the  grain  (parallel  to  the  direction  of  rolling). 

The  ductility  of  specimens  cut  with  the  grain  is  greater  than 
that  of  specimens  cut  across  the  grain.  Stresses  at  elastic  limit 
and  yield  point  are  very  low,  the  yield  point  is  not  sharply  marked, 
and  the  flow  of  metal  under  high  stress  goes  on  for  a  long  time. 

The  tests  of  zinc  plates  treated  with  acid  show  that  a  10  min. 
immersion  in  5  per  cent  nitric  acid  did  not  appreciably  lessen  the 
strength  or  the  ductility  of  the  zinc  plate. 

A  series  of  tests  was  made  by  Dr.  Meyer  on  zinc  plates  sub- 
jected to  the  following  heat  treatment  before  testing  in  tension: 


*Oesterreichische  Zeitschrift  fur  Berg  und  Huttenwesen,  Oct.  7  and  14,  1905. 
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The  specimens  were  subjected  for  one  hour  to  a  temperature  of 
527°  F. ,  when  upon  testing  they  developed  the  properties  indicated 
in  Table  4  (average  values). 

The  ultimate  strength  in  tension  and  the  ductility  are  de- 
cidedly lowered  by  this  heat  treatment.  The  "critical  tempera- 
ture" for  zinc  was  found  to  be  at  about  300°  P.  and  the  heat 
transformation  of  the  zinc  took  place  very  rapidly,  one  minute 
being  seemingly  sufficient  to  effect  it.  The  tests  of  Martens  and 
of  Meyer  point  to  the  desirability  of  keeping  the  working  tem- 
perature during  the  rolling  of  zinc  within  narrow  limits.  Meyer 
recommends  302°  P.  as  a  maximum  rolling  temperature. 

Meyer  also  made  tests  to  show  the  effect  of  alloying  zinc  with 
cadmium  and  with  lead.  He  found  that  the  addition  of  0.2  per 
cent  of  cadmium  improved  the  quality  of  zinc  plate,  but  that  the 
addition  of  0.4  per  cent  of  either  cadmium  or  lead  either  pro- 
duced no  appreciable  effect  or  injured  the  quality.  The  addition 
of  both  cadmium  and  lead  lowered  both  the  strength  and  the  duc- 
tility of  zinc  plate. 

The  Matthiessen  and  Hegeler  Zinc  Company  of  La  Salle, 
Illinois,  report  a  series  of  tension  tests  of  zinc  plate  made  at  their 
request  in  1907.  The  thickness  of  the  plate  tested  varied  from 
0.011  in.  to  0.04  in.,  the  average  tensile  strength  for  sixty  speci- 
mens was  29  370  lb.  per  sq.  in.  The  thinner  plate  showed  slightly 
greater  strength  than  the  thicker  plate. 

11.    Specimens,  Tests,  and  Methods  of  Testing. 

4.  Source  of  Supply  of  Zinc  for  Tests. — The  zinc  tested  at  the 
University  of  Illinois  came  from  the  zinc  works  of  the  Matthies- 
son  and  Hegeler  Zinc  Company  at  La  Salle,  Illinois,  and  from  the 
stock  of  a  local  hardware  store.  The  zinc  from  the  Matthiessen 
and  Hegeler  Company  was  smelted  from  ores  from  the  Joplin, 
Missouri,  district.  Several  specimens  of  cast  zinc  were  furnished 
which  were  remelted  spelter  poured  directly  into  moulds.  Eight- 
een sheets  of  rolled  zinc,  each  18  in.  by  20  in.,  were  furnished, 
varying  in  thickness  from  0.006  in.  to  1.0  in.  Three  sheets  of 
each  thickness  were  furnished,  and  each  of  the  three  sheets  was 
from  a  different  heat.  No  special  precautions  as  to  heat  treat- 
ment were  taken  either  with  the  cast  zinc  or  with  the  rolled  zinc. 
As  a  check  on  the  values  obtained  for  the  zinc  plates  furnished 
by  the  Matthie^^sen  and  Hegeler  Zinc  Co.,  tests  were  made  on 
sheet  zinc  purchased  in  the  local  market  (Champaign,  Illinois). 
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TABLE  4. 

Tension  Tests  of  Heat  Treated  Zinc 

(Meyeb). 


Stress  at  first  permanent  set. . 

Stress  at  limit  of  proportion- 
ality of  stress  to  deforma- 
tion   

Yield  point 

Ultimate 

Elonyation 

Reduction  of  area  

Modulus  of  elasticity 


2  480  lb.  per  sq.  in. 


1  710  lb.  per  sq. 

11  100  lb.  per  sq. 

17  500  lb.  per  sq. 

4.6  per  cent 

5  per  cent 

15  950  000  lb.  per  sq. 


5.  Test  Specimens. — Specimens  of  cast  zinc  were  tested  in 
tension  in  compression,  and  in  torsion.  Specimens  of  rolled  zinc 
were  tested  in  tension,  in  cold  bending  and  in  shear;  the  tests  in 
shear  included  punching  tests  and  tests  in  direct  shearing.  The 
specimens  for  tension  tests  of  cast  zinc  were  similar  in  form  and 
dimension  to  the  specimen  shown  in  Fig.  1.  The  cast  zinc  was 
furnished  in  bars  li  in.  square  by  12  in.  long  and  machined  to  the 
size  shown  in  Fig.  1. 


Fig.  1.    Tension  Specimen  for  Cast  Zinc. 
Fig.  2  shows  the  form  and  dimension  for  the  specimens  of 
cast  zinc  tested  in  torsion.      The  specimens  of  cast  zinc  tested  in 
compression  were  circular  cylinders  1  in.  in  diameter  by  Ih  in. 
long.     They  were  machined  all  over. 

/2" 


■n^ 


Fig.  2.  Torsion  Specimen  for  Cast  Zinc. 
Fig.  3  shows  the  size  of  the  plates  of  rolled  sheet  zinc  fur- 
nished by  the  Matthiessen  and  Hegeler  Company,  and  also  shows 
the  plan  followed  in  cutting  test  specimens  from  the  plates.  The 
specimens  similarly  located  in  different  plates  were  stamped  with 
the  same  number,  the  plate  being  designated  by  a  letter.  The 
specimens  for  tension  tests  of  rolled  zinc  were  similar  in  form  and 
dimension  to  the  specimen  shown  in  Fig.  4.  The  strips  from 
which  they  were  machined  out  were  sheared  from  an  18  in.  by  20 
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in.  plate  in  all  cases  except  some  of  the  plates  1.0  in.  thick,  in 
which  it  was  found  impossible  to  shear  strips  from  the  plate  with- 
out seriously  injuring  it.  In  these  thick  plates,  the  strips  from 
which  the  tension  specimens  were  machined  were  cut  from  the 
plates  by  drilling.  The  tension  specimens  of  rolled  zinc  were 
machined  on  a  shaper  to  the  shape  shown  in  Fig.  4. 

The  punching  and  shearing  tests  for  rolled  zinc  were  made 
on  the  portion  of  the  18  in.  by  20  in.  plates  remaining  after  the 
tension  test  pieces  had  been  cut  out.  The  holes  punched  in  the 
punching  tests  were  separated  by  a  distance  at  least  li  times  the 
diameter  of  the  planch  used.  The  shearing  tests  were  made  on 
specimens  cut  from  the  portion  of  the  plates  left  after  the  punch- 
ing tests  had  been  made.  The  shearing  test  specimens  were  cut 
1  in.  wide,  and  were  sheared  in  double  shear.  Some  specimens 
were  sheared  across  the  grain  (perpendicular  to  the  direction  of 
rolling)  and  some  with  the  grain  (parallel  to  the  direction  of 
rolling). 

Cold  bending  tests  were  made  on  small  strips  of  zinc  about 
1  in.  wide  cut  from  any  portion  of  the  18  in.  by  20  in.  plates  re- 
maining after  the  other  tests  had  been  made.  For  each  plate 
tested  in  cold  bending,  one  specimen  was  bent  in  a  plane  parallel 
to  the  direction  of  rolling  (with  the  grain),  and  one  specimen  was 
bent  in  a  plane  perpendicular  to  the  direction  of  rolling  (across 
the  grain). 

The  sheet  of  zinc  bought  in  the  local  market  differed  in  size 
from  those  furnished  by  the  Matthiessen  and  Hegeler  Company, 
but  the  general  method  of  cutting  specimens  from  it  was  the 
same  as  that  just  described. 

6.  Testing  Machines  and  Auxiliary  Apparatus. — Some  of  the 
tension  tests  of  zinc  were  made  on  a  Riehle  100  000-lb.  testing 
machine,  others  on  an  Olsen  10  000-lb.  testing  machine,  and  still 
•others  on  a  Riehle  100  000-lb.  testing  machine  fitted  with  an  Olsen 
1000-lb.  spring  balance  for  measuring  load.  The  tension  speci- 
mens for  cast  zinc  were  held  in  threaded- ended  sockets;  the  ten- 
sion specimens  for  rolled  zinc  were  held  by  means  of  flat  wedge 
grips.  For  measuring  the  elongation  in  the  tension  tests,  the 
extensometer  used  in  the  routine  testing  of  the  Laboratory  of 
Applied  Mechanics  for  several  years  was  used.  The  indicating 
pointer  of  this  extensometer  is  operated  by  a  drum  round  which 
is  wrapped  a  fine  insulated  copper  wire  which  by  friction  causes 
the  rotation  of  the  drum  and  the  pointer  over  a  dial  as  the  spec- 
imen stretches.     The  extensometer  read  to  in.  elongation. 
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Fig.  3.    Zinc  Plate  Showing  Location  of  Specimens. 

The  torsion  specimens  of  cast  zinc  were  tested  in  a  Riehle 
10  000-lb.  in.  torsion  testing  machine  of  the  pendulum  type.  The 
machine  was  hand  operated  during  the  tests,  and  the  specimens 
held  by  self-centering  and  self-tightening  toothed  jaws.  The  angle 
of  twist  was  measured  by  means  of  two  dials  and  pointers  similar  to 
the  dial  and  pointer  on  the  extensometer  used  in  the  tension 
tests.  The  reading  of  each  dial  showed  the  twist  of  a  section  of 
the  specimen  with  reference  to  the  framework  of  the  testing  ma- 
chine; the  difference  of  the  dial  readings  at  the  two  sections  gave 
the  angle  of  twist  of  the  specimen  between  the  two  sections  at 
which  the  dials  were  attached. 


Fig.  4.    Tension  Specimen  fob  Rolled  Zinc. 


The  compression  specimens  of  cast  zinc  were  tested  in  a 
100000-lb.  Riehle  testing  machine.  The  ends  of  the  specimens  were 
carefully  machined  to  a  plane  surface,  and  pressure  was  trans- 
mitted to  the  specimen  through  a  spherical  seated  block.  Com- 
pression was  measured  by  means  of  a  Ewing  microscope  compres- 

someter  reading  to  .„,  ^^^  in. 
IzD  000 
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The  punching  tests  of  rolled  zinc  were  made  with  hardened 
steel  punches  and  dies  mounted  on  the  weighing  table  of  a  test- 
ing machine.  The  punches  used  were  0.505  in. ,  0.747  in. ,  and  1.001 
in.  in  diameter,  respectively,  and  the  corresponding  dies  were 
0.61  in.,  0.86  in.,  and  1.13  in.  in  diameter,  respectively.  The 
punches  were  flat  faced.  Most  of  the  punching  tests  were  made 
with  a  speed  of  punch  so  slow  (0.1  in.  permin.)  that  the  weighing 
beam  of  the  testing  machine  could  be  kept  in  balance  by  hand  as 
the  test  progressed.  Nearly  all  the  punching  tests  were  made 
on  a  Riehle  100  000-lb.  testing  machine  fitted  with  an  autographic 
apparatus  which  drew  a  diagram  showing  motion  of  punch  as  ab- 
scissas and  load  applied  as  ordinates.  It  was  desired  to  run  some 
punching  tests  at  a  higher  speed  than  0. 1  in.  per  min. ,  but  as 
it  was  impossible  to  keep  the  weighing  beam  accurately  balanced 
by  hand  in  these  tests,  a  steam  engine  indicator  was  attached  to 
the  testing  machine  weighing  beam,  so  that  the  compression  of 
the  indicator  spring  measured  the  load  on  the  punching  tool*. 
Punching  tests  of  very  thin  plates  of  zinc  were  made  on  an  Olsen 
10  000-lb.  testing  machine,  and  only  the  maximum  load  was  re- 
corded. 


WEiG^i/iG  Table  or  Testj^g  MAcHmL 
Fig.  5.    Apparatus  for  Shearing  Tests. 

Shearing  tests  of  rolled  zinc  were  made  in  a  lOO'OOO-lb.  Riehle 
testing  machine  fitted  with  autographic  recording  apparatus.  A 
hardened  steel  shearing  tool  cut  the  specimen  in  double  shear. 
Fig.  5  shows  the  arrangement  of  the  shearing  tool.  Most  of  the 
shearing  tests  were  run  at  a  low  speed  of  tool  (0.1  in.  per  min.) 
and  the  weighing  beam  of  the  testing  machine  was  kept[^balanced 

♦For  description  of  this  apparatus  see  the  Proceedings  of  the  American  Society  for  Test- 
ing Materials  for  1908,  p.  653. 
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by  hand,  while  an  autographic  record  was  taken  of  the  load  and 
the  motion  of  the  shearing  tool.  Some  shearing  tests  were  made 
at  a  higher  speed,  and  for  these  the  steam  engine  indicator  device 
for  weighing  loads  was  used  as  in  the  punching  tests  at  high 
speeds. 

7.  Data  of  Tension  Tests. — Table  5  gives  the  log  of  a  sample 
tension  test  of  zinc.  The  same  general  method  was  followed  for 
all  tension  tests;  both  deformation  under  load  and  set  after  re- 
lease of  load  were  observed.  During  several  of  the  tests,  especial- 
ly in  the  tests  of  cast  zinc,  a  cracking  noise  was  plainly  audible 
under  stresses  as  low  as  two- thirds  of  the  ultimate.  A  set  was 
detected  in  most  tests  after  the  removal  of  the  first  load  applied, 
however  low.  After  rupture  the  elongation  over  a  gauge  length 
originally  measuring  8  in.  and  the  reduction  of  area  at  the  point 
of  fracture  were  both  measured  when  the  rupture  was  inside  the 
gauge  length. 

TABLE  5. 

Log  of  Sample  Tension  Test  of 
ElOLLED  Zinc. 

Specimen  H.  3.    Dimension  of  Cross-section, 
1.486  in.  X  0.612  in. 

Elongation  after  rupture  9.5%  in  8  in. 
Reduced  cross-section  1.439  in.  x  0.544  in. 
Specimen  tested  with  the  grain. 


Load 

Extensometer 

Load 

Extensometer 

lb. 

in. 

lb. 

in. 

1  000 

0 

8  000 

0.0091 

3  000 

0.0015 

1  000 

0.0054 

1  000 

0.0006 

8  750 

0.0120 

5  000 

0.0031 

1  000 

0.00T6 

1  000 

0.0011 

9  500 

0.0155 

7  000 

0.0066 

1  000 

0.0104 

1  000 

0.0035 

19  530 

rupture 

In  the  tests  of  cast  zinc  and  of  the  thinner  specimens  of  rolled 
zinc  the  failure  was,  in  general,  sudden.  In  the  very  thin  speci- 
mens of  sheet  zinc  the  failure  occurred  by  tearing  across,  and  in 
a  few  cases  its  course  could  be  followed  by  the  eye.  Fig.  6  and  7 
show  typical  stress-elongation  diagrams  of  tension  tests.  Table 
6  shows  the  summarized  results  of  tension  tests  of  zinc.  There 
was  considerable  variation  in  strength  shown  by  individual  speci- 
mens of  cast  zinc,  the  ultimate  strength  ranging  from  6  050  lb. 
per  sq.  in.  to  12  220  lb.  per  sq.  in.  There  was  little  variation  in 
strength  shown  by  individual  specimens  of  rolled  zinc.  The  ex- 
treme values  were,  in  general,  within  10  percent  of  the  mean.  No 
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Fig.  6.    Tension  Test  Diagrams  for  Rolled  Zinc. 
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well-defined  yield  point  could  be  determined  in  any  tension  test. 
Fig.  8  shows  two  characteristic  fractures  of  cast  zinc  in  ten- 
sion. The  specimen  at  the  left  of  the  cut  shows  a  much  coarser 
grain  than  the  one  on  the  right;  it  also  showed  much  lower  ten 
sile  strength.  Fig.  9  shows  characteristic  fractures  of  rolled  zinc 
in  tension.  The  specimen  at  the  left  is  from  a  very  thin  plate, 
and  it  failed  by  tearing  across.  The  specimen  in  the  center  is 
from  a  plate  0.25  in.  thick,  and  it  failed  with  very  little  elonga- 
tion. The  specimen  at  the  right  is  from  a  plate  0.6  in.  thick,  and 
it  showed  great  elongation.  The  necking  down  of  the  ductile 
specimen  can  be  seen  in  Fig.  9. 


Fig. 


o    S    o 

§    $  Q  g  o 

O     Q)  Ci  "^  O 

OS    Q  C5  ^  "^ 

ELOriGftTlOH-  INCHL5  PER  INCH  Of  LENGTH 
7.    Tension  Test  Diagkams  for  Zinc. 


8.  Data  of  Punching  and  .Shearing  Tests  — The  data  for  the 
punching  and  the  shearing  tests  were  all  autographic  except  for 
punching  tests  in  very  thin  plates.  Fig.  10  shows  typical  dia- 
grams for  punching  tests,  and  Fig.  11  shows  typical  diagrams  for 
shearing  tests  of  zinc  plate.  In  Fig.  11  are  also  shown  diagrams 
of  shearing  tests  of  steel  plate. 

The  results  of  the  punching  tests  are  summarized  in  Table  7 
and  the  shearing  tests  in  Table  8.  The  variation  of  the  extreme 
values  for  ultimate  strength  of  individual  specimens  from  the 
average  values  reported  in  Tables  7  and  8  was,  in  general,  not 
greater  than  10  per  cent.  The  variation  in  the  amount  of  energy 
required  was  somewhat  greater.  As  one  of  the  principal  items 
of  information  desired  was  a  comparison  between  zinc  and  steel 
as  to  maximum  stress  developed  and  amount  of  energy  required 
in  punching  and  shearing,  punching  and  shearing  tests  were  made 
on  mild  steel  plates  aad  the  results  are  summarized  in  Tables  9 
and  10. 

Fig.  12  shows  the  appearance  at  several  stages  of  the  punch- 
ing process  of  the  "wad"  of  zinc  as  it  is  being  pushed  out  ahead 
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Fig.  8.    Specimens  of  Cast  Zinc  after  Testing. 

of  the  punching  tool.  Fig.  12  also  shows  a  shearing  specimen 
which  is  about  to  fail.  The  distortion  of  the  tool  marks,  original- 
ly straight,  shows  in  a  general  way  the  distortion  of  the  fibers  of 
the  specimen. 


■ 

^H            ^B-'    ^    ^^^^^^^^1 

Fig.  9.    Specimen  of  Rolled  Zinc  after  Testing  in  Tension. 
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Fig.  10.    Punching  Test  Diagrams  for  Rolled  Zinc. 

9.  Miscellaneous  Tests. — Torsion  tests  were  made  on  six  test 
pieces  of  cast  zinc.  The  results  of  these  tests  are  summarized  in 
Table  11,  and  a  typical  stress-deformation  diagram  for  torsion 
of  cast  zinc  is  shown  in  Pig.  13.  In  Fig.  8  are  shown  torsion 
test  specimens  after  rupture.  Attention  is  called  to  the  character 
of  the  fracture,  and  its  similarity  in  form  to  that  of  cast  iron 
under  torsion. 

Compression  tests  were  made  on  four  short  cylinders  of  cast 
zinc.  The  results  of  tliese  tests  are  given  in  Table  12,  and  a 
typical  stress-compression  diagram  for  cast  zinc  is  shown  in  Fig, 
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Fig.  11.    Shearing  Test  Diagrams  for  Rolled  Zinc  and  for  Steel. 

14.  Pig.  14  also  shows  a  stress-compression  diagram  for  zinc  un- 
der steadily  increasing  repetitive  loading.  Both  in  the  repetitive 
loading  test  in  compression  and  in  tension  (see  Fig.  7)  there  was 
an  appreciable  loss  of  energy  during  the  release  and  the  reappli- 
cation  of  a  load.     This  loss  of  energy,  "mechanical  hysteresis"  as 


Fig.  12.    PuNcmNQ  and  Shearing  Test  Specimens  after  Testing. 
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Twist-Degrees  per  ihchLehgtH 

Fig.  13.    Torsion  Test  Diagram  for  Cast  Zinc. 


it  is  called,  is  shown  by  loops  in  the  diagrams  of  tests  under  re- 
petitive load. 

The  behavior  of  cast  zinc  under  compression  is  worthy  of 
note.  Judged  by  fractures  in  tension  and  in  torsion  tests,  cast 
zinc  is  a  brittle  material,  and  under  compression  a  shattering  fail- 
ure might  be  expected — such  a  failure  as  cast  iron  exhibits  in 
compression.  What  actually  happened  to  the  compression  test 
pieces  of  cast  zinc  was  a  gradual  flattening  out,  such  as  occurs 
with  soft  steel.  No  maximum  load  could  be  determined.  Cast 
zinc  is  evidently  a  plastic  but  not  a  ductile  metal.  Fig.  8  shows 
a  cylinder  of  cast  zinc  before  testing,  and  beside  it  another  origi- 
nally of  the  same  size,  after  compression  under  100  000  lb. 


Fig.  14. 


C0MPRL55I0N  -  INCHE5  PER  INCH  OEllhlGTH 
Compression  Test  Diagrams  for  Cast  Zinc. 


Cold  bending  tests  were  made  on  specimens  from  all  rolled 
plates  except  those  1  in.  thick  and  those  0.6  in.  thick.  One  test 
was  made  on  specimens  from  a  plate  0 . 6  in.  thick.  From  each 
plate  tested  one  specimen  was  bent  in  a  plane  parallel  to  the  di- 
rection of  rolling  and  one  specimen  bent  in  a  plane  perpendicular 
to  the  direction  of  rolling.  Table  8  shows  the  results  of  the  cold 
bending  tests. 
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TABLE  7. 

Punching  Tests  of  Zinc. 

The  values  given  are  the  average  results  for  the  number  of  specimens 
noted  in  the  second  column. 


Nominal 

Thickness  of 

Plate 

in. 

Number  of 

Specimens 

Tested 

Diameter  of 

Punch 

in. 

Speed  of 

Punching- 

in.  per  min. 

Ultimate  Shear- 
ing Stress 
Developed 
lb.  per  sq.  in. 

Energy  Requir- 
ed to  Punch 
in   lb.  per 
sq.  in.  per  in. 
thickness 

1.00 

9 

0.75 

0.10 

18  750 

7  260 

1.00 

9 

1.00 

0.10 

19  060 

6  650 

0.60 

6 

0.50 

0.10 

19  740 

10  590 

0.60 

6 

0.75 

0.10 

19  350 

8  630 

0.60 

6 

1.00 

0.10 

18  990 

6  400 

0.25 

6 

0.50 

0.10 

20  000 

10  550 

0.25 

6 

0.75 

0.10 

19  700 

8  740 

0.25 

6 

1.00 

0.10 

19  390 

8  030 

0.25 

6 

1.00 

0.50 

19  400 

8  350 

0.25 

6 

1.00 

1.60 

20  850 

8  380 

0.10 

6 

1.00 

0.10 

18  230 
Av.   19  400 

5  650 
8  110 

0.018* 

9 

1.00 

0.10 

12  930 

0.018* 

6 

1.00 

0.10 

13  3«0t 

0.018* 

9 

1.00 

0.10 

10  880 

*In  the  very  thin  plates,  shearing  took  place  unevenly  around  the  circumference  of  the 
punching  tool. 

t  Zinc  bought  in  the  local  market. 


TABLE  8. 

Shearing  Tests  of  Zinc. 

The  values  given  are  the  average  results  for  the  number  of  specimens 
noted  in  the  second  column. 


Nominal 

Number 

Speed  of 

Ultimate 
Shearing 
Stress  De- 
veloped 
lb  per  sq.  in. 

Energy  Re- 
quired to 

Thickness 

of  Speci- 

Shearing 

Shear 

Shearing  with  Grain 

of  Plate 

mens 

Tool 

in.  lb  per 

or  across  Grain 

in. 

Tested 

in.per.min. 

sq.  in.  per  in. 
thickness 

1.00 

6 

0.10 

16  700 

4  850 

Across  grain 

1.00 

3 

0.10 

16  580 

4  510 

With  grain 

1.00 

6 

0.50 

17  140 

4  130 

Across  grain 

1.00 

6 

1.60 

17  770 

4  330 

Across  gryin 

0.60 

6 

0.10 

16  580 

5  100 

Across  grain 

0.60 

3 

0.10 

17  380 

4  620 

With  grain 

0.60 

6 

0..50 

15  480 

4  640 

Across  grain 

0.60 

6 

1.60 

18  100 

4  410 

Across  grain 

0.25 

6 

0.10 

18  860 

6  690 

Across  grain 

0.25 

3 

0.10 

18  170 

4  620 

With  grain 

0.25 

6 

0.50 

15  480 

4  640 

Across  grain 

0.25 

6 

1.60 

17  040 
Av.17  100 

5  730 
4  850 

Across  grain 

20  ILLINOIS   ENGINEERING   EXPERIMENT    STATION 

III.     Results  and  Conclusions, 

10.  Tensile  Strength  of  Zinc. — An  examination  of  the  results 
of  tension  tests  shows  that  zinc,  either  cast  or  rolled,  is  imperfect- 
ly elastic  under  very  low  stresses.  The  results  of  Meyer's  tests 
are  in  agreement  with  the  results  of  the  Illinois  tests  as  regards 
this  genp.ral  conclusion,  though  in  the  Illinois  tests  permanent 
set  was  detected  at  lower  stresses  than  in  Meyer's  tests.  Whether 
the  elastic  limit  be  defined  as  the  lowest  stress  under  which  a  ma- 
terial is  given  a  permanent  set,  or  as  the  lowest  stress  at  which 
Hooke's  law  (proportionality  of  stress  to  deformation)  is  found  to 
be  inexact,  the  elastic  limit  of  zinc  is  very  low  and  very  poorly 
defined.  It  is  doubtful  if  the  elastic  limit  as  determined  either  by 
Meyer  or  in  the  Illinois  tests  has  any  special  physical  signifi- 
cance. Though  Meyer  reported  a  yield  point  of  zinc  in  the  tables 
of  results  of  his  tests,  in  the  accompanymg  discussion  he  stated 
that  the  yield  point  was  poorly  defined.  In  the  Illinois  tests  no 
well-defined  yield  point  could  be  detected,  and  none  was  reported. 

The  ultimate  tensile  strength  of  cast  zinc  depends  on  the  tem- 
perature of  pouring,  and  other  factors,  and  varies  between  wide 
limits.  Thin  plates  of  rolled  zinc  are  relatively  stronger  under 
tension  than  thick  plates.  From  the  results  of  the  Illinois  tests 
for  plates  under  0.05  in.  thick,  24  000  lb.  per  sq.  in.  would  seem  to 
be  about  the  value  to  be  used  for  the  ultimate  tensile  strength  of 
rolled  zinc.  For  plates  over  0.05  in.  thick,  21000  lb.  per  sq.  in. 
would  seem  a  reasonable  value  to  use.  Meyer's  tests  and  those 
of  the  Matthiessen  and  Hegeler  Zinc  Company  show  slightly 
higher  values.  Rolled  zinc  is  somewhat  stronger  in  tension 
across  the  grain  than  in  tension  with  the  grain.  A  higher  tensile 
strength  of  rolled  zinc  was  obtained  by  increasing  the  rapidity  of 
application  of  load.  Rapidity  of  testing  may,  in  part,  account 
for  the  fact  that  higher  values  of  tensile  strength  were  found  by 
Meyer  and  by  Matthiessen  and  Hegeler  than  were  found  at  Illin- 
ois. Neitherof  the  first  two  reports  the  speed  of  testing.  The  speed 
used  in  the  Illinois  tests  was  lower  than  is  sometimes  used  in 
commercial  testing. 

From  the  results  of  the  various  tension  tests  of  zinc  herein 
quoted,  it  would  seem  that  the  modulus  of  elasticity  of  zinc  is 
about  11500000  lb.  per  sq.  in. 

1 1.  Shearing  Strength  of  Rolled  Zinc. — The  values  of  shearing 
strength  of  rolled  zinc  reported  in  this  bulletin  were  determined 
with  the  purpose  of  throwing  some  light  on  the  problem  of  what 
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TABLE  9. 

Punching  Tests  of  Steel  Plate. 

For  purposes  of  comparison  with  punching-  tests  of  zinc  plates. 
The  values  given  are  the  average  results  for  the  number  of  specimens 
noted  in  tlie  second  column. 


Nominal 

Thickness  of 

Plate  in. 

Number  of 

Specimens 

Tested 

Diameter  of 
Punch 

in. 

Speed  of 
Punching 
in.  per  min. 

Ultimate  Shear- 
ing Stress 
Developed 
lb.  per  sq.  in. 

Energy  Requir- 
ed to  Punch 
in-  lb.  per  sq.  in. 
V)er  in.  thickness 

0.375 
0.375 

2 

0.75 
1.00 

0.10 
0.10 

50  000 
50  080 

At.    50  040 

30  350 
19  880 

25  200 

TABLE  10. 

Shearing  Tests  of  Steel  Plate. 

For  purposes  of  comparison  w^ith  shearing  tests  of  zinc  plates. 
Tlie  values  given  are  the  average  results  for  tlie  number  of  specimens 
noted  in  the  second  column. 


Nominal 

Thickness  of 

Plate 

in. 

Number  of 

Specimens 

Tested 

Speed  of 

Shearing 

Tool 

in.  per  min. 

Ultimate 
Shearing 

Stress  Devel- 
oped 

lb.  per  aq.  in. 

Energy  Re- 
quired to 

Shear 
in.  lb.  per 

sq.  in  per  in. 
thickness 

Shearing  with  Grain 
or  across  Grain 

1.000 
0.625 
0.375 
0.375 
0.375 

2 
2 
3 
3 
3 

0.10 
0.10 
0.10 
0.50 
1.60 

44  700 
37  200 
46  970 

43  000 

44  500 

At.  43  270 

11  580 

17  750 

18  850 
16  740 

19  630 

16  910 

Across  grain 
Across  grain 
Across  grain 
Across  grain 
Across  grain 

TABLE  11. 
Torsion  Tests  of  Cast  Zinc. 


Number  of  specimens  tested.. 

Maximum  fiber  stress  at  limit 
of      proportionality       of 
stress  to  angle  of  twist  — 

Computed     maximum      fiber 

6 

5  450  lb.  per  sq.  in. 
15  260  lb.  per  sq   in. 
4  570  000  lb.  per  sq  in 

Modulus  of  elasticity  in  shear 
(Torsion)  

TABLE  12. 
Compression  Tests  of  Cast  Zinc. 


Number  of  specimens  tested.. 

Fiber  stress  at  limit  of  propor- 
tionality of  stress  to  com- 
pression     

Modulus  of  elasticity 


1  620  lb.  per  sq  in. 
6  900  000  lb.  per  sq.  in. 
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sizes  of  punches  and  shears  should  be  used  in  working  with  zinc 
plates.  Two  factors  which  are  important  in  their  influence  on 
the  design  of  punches  and  shears  are  the  maximum  force  to  be 
exerted  during  the  process  of  punching  or  shearing  and  the  ener- 
gy required  to  complete  the  punching  or  shearing  action.  The 
maximum  force  to  be  exerted  determines  the  strength  of  frame, 
ram,  gearing,  and  other  parts  of  the  punch  or  shear;  the  energy 
required  determines,  in  large  measure,  the  weight  of  the  flywheel, 
size  of  belt,  and  power  required  for  power-driven  punches  and 
shears,  or  the  power  and  amount  of  water  or  air  required  for 
hydraulic  or  pneumatic  punches  or  shears.  The  maximum  force 
to  be  exerted  during  the  punching  or  shearing  action  is  in  gen- 
eral proportional  to  the  area  actually  sheared  under  the  action  of 
punching  or  shearing  tool;  the  mean  force  during  the  action  is. 
approximately  proportional  to  the  maximum  force  and  conse- 
quently to  the  area  under  the  action  of  the  punching  or  shearing 
tool.  (This  may  be  seen  from  the  general  similarity  of  shape  of 
the  punching  and  shearing  diagrams  for  different  thicknesses  of 
plate;  see  Fig.  10  and  11).  The  energy  required  to  punch  or 
shear  any  plate  will  then  be  approximately  proportional  to  the 
area  to  be  sheared  (by  punching  or  shearing  tool)  multiplied  by 
the  distance  traveled  by  the  tool  during  the  punching  or  shearing 
action,  i.  e.,  by  the  thickness  of  the  plate.  The  significant  fea- 
tures of  the  punching  or  shear-ing  tests  of  rolled  zinc  were,  then, 
the  maximum  shearing  stress  developed  measured  in  pounds- 
per  square  inch,  and  the  energy  required  for  punching  or  shear- 
ing measured  in  inch- pounds  per  square  inch  of  surface  sheared 
per  inch  thickness.  An  examination  of  the  results  of  the  punch- 
ing and  shearing  tests  of  zinc  plate  shows  an  average  value  of 
shearing  stress  developed  of  19  400  lb.  per  sq.  in.  for  the  punch- 
ing tests,  and  of  17  100  lb.  per  sq.  in.  for  the  shearing  tests.  The 
average  value  of  the  energy  required  was  8  110  in.  lb.  per  sq.  in. 
per  in.  thickness  for  the  punching  tests,  and  4850  in.  lb.  1:)er  sq. 
in.  per  in.  thickness  for  the  shearing  tests.  Evidently  the  frictional 
resistance  of  the  metal  pushed  out  (the  "wad")  is  greater  in  punch- 
ing than  in  shearing,  as  is  shown  by  the  slightly  greater  stress, 
developed,  and  by  the  markedly  greater  energy  required. 

An  examination  of  the  results  of  the  punching  tests  shows 
that  the  larger  the  punch  for  any  given  thickness  of  plate  the 
less  the  unit-energy  required  to  punch  the  plate.  In  both  punch- 
ing and  shearing  tests,  the  maximum  stress  developed  was  slightly 
increased  under  increased  speed  of  punching  or  shearing  tool. 
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TABLE  13. 
Cold  Bending  Tests  of  Rolled  Zinc. 


Nominal 

Thickness  of 

Plate 

in. 

Specimen  Bent 
with  (irain  or 
across  Grain 

Action  under  Cold  Bending 

0.006 

0.006 

0.018 

0.018 

0.018* 

0.018* 

0.100 

0.100 

0.250 
0.250 

0.600 
0.600 

Across  Grain 
With  Grain 
Across  Grain 
With  Grain 
Across  Grain 
With  Grain 
Across  Grain 

With  Grain 

Across  Grain 
With  Grain 

Across  Grain 
With  Grain 

Bent  double  and  hammered  flat  without  cracking. 

Bent  double  and  hammered  flat  without  cracking. 

Bent  double  and  hammered  flat  without  cracking. 

Bent  double  and  hammered  flat  without  cracking. 

Bent  double  and  hammered  flat  without  cracking. 

Bent  double  and  hammered  flat  without  cracking. 

Two  specimens  bent  double  and  hammered  flat  without 
cracking;  one  specimen  cracked  when  hammered  flat. 

All  specimens  bent  double  and    hammered    flat    without 
cracking. 

Specimens  cracked  when  bent  through  90-120  degrees. 

One  specimen  bent  d  >uble  and  hammered  flat  without  crack- 
ing; two  specimens  cracked  after  bending  through  180 
degrees. 

One  specimen  tested,  broke  short  off  when  bent  through 
about  30  degrees. 

One  specimen  tested,  cracked  after  bending  through  180 
degrees. 

'  Zinc  bought  in  local  market. 


Both  punching  and  shearing  tests  were  made  with  flat-faced 
tools,  the  object  being  to  bring  stress  as  uniformly  as  possible  on 
all  parts  of  the  area  under  shear.  By  the  use  of  beveled  punch- 
ing and  shearing  tools,  the  maximum  force  resisting  shear  would 
have  been  reduced. 

An  examination  of  the  results  of  the  punching  and  shearing 
tests  of  mild  steel  plate  tested  for  purposes  of  comparison  with 
rolled  zinc  shows  the  following  average  values:  Shearing  stress 
developed,  50  040  lb.  per  sq.  in.  for  the  punching  tests,  43  270  lb. 
per  sq.  in.  for  the  shearing  tests.  Energy  required  25  200  in.  lb. 
per  sq.  in.  per  in.  thickness  for  the  punching  tests,  and  16  910  in. 
lb.  per  sq.  in.  per  in.  thickness  for  the  shearing  tests*.  In  punch- 
ing or  shearing  zinc  plates,  about  40  per  cent  as  high  a  stress  is 
developed  as  is  developed  in  punching  or  shearing  mild  steel 
plates  of  the  same  size,  and  about  30  per  cent  as  much  energy  is 
required. 


*Other  punching  and  shearing  tests  of  mild  steel  give  results  not  widely  differing  from 
these.  See  article  by  H.  V-  Loss  in  the  American  Engineer  and  Railroad  Journal  for  March 
1893  and  results  in  Kent's  Mechanical  Engineers'  Pocket  Book. 
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12.  Ductility  and  Plasticity  of  Zinc. — For  the  comparison  of 
the  ductility  of  different  metals  there  is,  unfortunately,  no  well- 
defined  quantitative  standard.  In  the  series  of  tests  described  in 
this  bulletin  the  elongation  and  the  reduction  of  area  after  rupture 
in  tension  and  the  results  of  cold  bending  tests  were  all  used  to 
throw  light  on  the  ductility  of  the  zinc  tested.  From  the  results 
of  the  tests,  it  is  evident  that  zinc  is  much  less  ductile  than 
wrought-iron  or  mild  steel,  and  that  it  is  less  ductile  across  the 
grain  than  with  the  grain.  For  zinc  plate  which  is  to  be  stamped 
or  bent  into  shape  (for  example  in  the  making  of  zinc  elements  for 
dry  batteries),  a  severe  cold-bending  test  would  seem  to  be  of  con- 
siderable value  in  determining  the  acceptability  of  a  shipment  of 
zinc  plate. 

The  researches  of  Martens  and  of  Meyer  on  the  effect  of  heat 
treatment  of  zinc  on  its  strength  and  ductility  would  indicate  the 
desirability  of  measuring  and  of  controlling  the  temperature  in 
the  rolling  process  and  show  the  danger  of  rolling  at  too  high  a 
temperature.  While  the  ductility  of  zinc  is  low  as  compared  with 
that  of  steel,  from  the  low  and  poorly  defined  elastic  limit,  from 
the  loss  of  energy  in  "mechanical  hysteresis"  and  from  the  behav- 
ior of  compression  test  pieces  it  is  evident  that  the  zinc  possesses 
a  relatively  high  degree  of  plasticity. 

13.  Summary. — The  following  summary  is  given: 

1.  Zinc  either  rolled  or  cast  has  no  well-defined  yield  point 
and  its  elastic  limit  is  very  low.  Zinc  possesses  a  relatively  high 
degree  of  plasticity. 

2.  The  ultimate  tensile  strength  of  thin  rolled  zinc  plate 
(not  more  than  0.05  in.  thick)  is  about  24  000  lb.  per  sq.  in. 

3.  The  modulus  of  elasticity  of  zinc  in  tension  is  about 
11500000  lb.  per  sq.  in. 

4.  The  stress  per  square  inch  of  area  sheared  developed  in 
punching  or  shearing  rolled  zinc  plates  is  about  40  per  cent  of  the 
stress  developed  in  punching  or  shearing  mild  steel  plates. 

5.  The  energy  per  square  inch  of  area  sheared  per  inch 
thickness  of  plate  required  to  punch  or  shear  rolled  zinc  plates  is 
about  30  per  cent  of  the  energy  required  to  punch  or  shear  mild 
steel  plates. 

6.  The  ductility  of  rolled  zinc  is  much  less  than  that  of 
mild  steel,  and  the  ductility  of  zinc  plate  with  the  grain  is  Igftater 
than  the  ductility  across  the  grain. 
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INDUCTANCE  OF  COILS 

I.     Introduction 

This  bulletin  deals  with  the  self-inductance  of  closely-wound 
cylindrical  coils  of  wire  without  iron  cores,  and  presents  tables 
and  charts  for  obtaining  without  effort,  the  approximate  induct- 
ance or  reactance  of  coils  of  all  dimensions.  A  given  length  of 
conductor  has  a  definite  resistance,  but  may  have  as  many  differ- 
ent values  of  inductance  as  there  are  different  shapes  of  coils 
into  which  it  can  be  wound,  although  the  inductance  becomes 
definite  when  the  dimensions  of  the  winding  are  fixed.  Prom  a 
large  number  of  calculations  and  of  tests  of  actual  coils  of  many 
shapes,  material  has  been  gathered  from  which  a  universal 
formula  for  the  self- inductance  of  coils  has  been  derived,  making 
it  a  simple  matter  to  compare  the  relative  value  of  different  wind- 
ing proportions.  Regardless  of  the  size  of  conductor,  it  is  found 
that  the  shape  for  producing  the  maximum  inductance  from  any 
length  of  wire  is  neither  a  long  solenoid  nor  a  flat  disk,  but  a  com- 
pact coil  not  unlike  the  ordinary  wire  bundle  as  received  from  the 
factory.  While  tables  showing  the  resistance  of  copper  wire  are 
found  in  all  electrical  reference  books,  similar  data  for  the  induc- 
tive reactance  of  coils,  if  found  at  all,  are  often  incorrect,  or  so 
presented  as  to  be  unavailable  for  occasional  use.  It  is  hoped  that 
the  information  here  given  will  prove  convenient  and  useful, 

II.     Precision  Formulas 

Valuable  information  upon  the  mutual  and  self- inductance  of 
lines  and  coils  will  be  found  in  the  bulletins  of  the  Bui-eau  of 
Standards,  Washington,  D.  C,  and  special  reference  is  made  to 
Vol.  V,  No.  1  (1908),  where  many  formulas  are  compared.  For 
the  various  shapes  of  coils,  a  bewildering  choice  of  formulas  is 
offered;  several  for  short  single-layer  windings,  several  for  disks 
and  rings,  and  others  for  intermediate  shapes.  The  use  of  one 
of  these  precision  formulas  for  a  type  of  coil  for  which  it  is  not 
intended  may  result  in  serious  erroi-,  and  their  delimitation  is  not 
always  clearly  stated,  so  that  it  may  be  necessary  to  try  two  or 
more  of  them,  and  compare  results. 

Most  theoretical  formulas  assume  that  the  winding  is  com- 
posed of  a  thin  conducting  tape,  whose  edges  lie  close  together, 
though  electrically  insulated,  producing  what  is  mathematically 
known  as  a  current  sheet,  although  a  few  are  based  upon  the 
usual  square  or  round  wires  employed  to  produce  the  ampere 
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turns  of  practical  work.  There  are  small  differences,  sometimes 
amounting  to  one  per  cent  or  more  between  these  conceptions  of 
inductance,  and  the  Bureau  of  Standards  has  done  an  admirable 
work  in  reconciling  the  differences,  and  in  providing  correction 
formulas  for  bringing  the  results  into  strict  harmony,  establish- 
ing the  accuracy  of  certain  formulas,  as  shown  by  illustrative 
formal  examples  to  a  point  of  agreement  within  one  part  in  a 
million. 

The  very  precision  of  these  elaborate  formulas  is  a  barrier 
to  their  usefulness  to  the  busy  engineer,  by  whom  coil  dimensions 
may  not  be  known  accurately.  No  simple  formula  of  wide  range 
is  given,  or  suggested,  and  the  only  formula  recommended  for 
long  solenoids  requires  the  use  of  elliptic  integrals  for  its  solu- 
tion, and  even  then  is  limited  to  a  single-layer  winding.  Diver- 
sity in  units  and  notation,  and  the  absence,  from  the  examples, 
of  wires  of  ordinary  gauge  diameters  place  further  difficulties  in 
the  utilization  of  the  formulas,  which  are  often  insurmountable. 

Uniformity  in  the  winding  of  commercial  coils  is  impossible, 
when,  in  the  matter  of  gauge  sizes  alone,  a  variation  of  one  per 
cent  from  tabulated  diameter  is  allowable,  and  when  the  thick- 
ness of  insulations  is  never  known  definitely.  Compactness  of 
winding  is  ordinarily  subject  to  uncertainty,  and  the  exact  pre- 
determination of  the  mean  radius  of  a  coil  extremely  difficult. 
The  cumulative  effect  of  these  uncertainties  is  such  that  for  many 
purposes  an  approximate  formula  is  quite  accurate  enough. 

Itl.     Advantage  of  Coils  without  Iron  Cores 

There  is  a  demand  for  coreless  reactance  coils,  since  they 
eliminate  the  uncertainty  of  action  incident  to  coils  with  iron 
cores.  If  reactance  is  needed  for  protecting  alternating  current 
apparatus  against  the  dangers  of  short  circuits,  the  immediate 
response  of  a  coil,  not  dependent  upon  the  dilatory  magnetizing  of 
iron,  is  required.  While  a  few  turns  of  wire  around  iron  seem  to 
give  the  same  reactance  as  many  turns  without  iron,  the  coil  with 
iron  is  relatively  sluggish.  Two  coils  of  same  measured  react- 
ance, but  differing  in  design,  may  behave  very  differently  be- 
cause one  has  a  closed,  the  other  an  open  magnetic  circuit;  and 
even  the  same  ferric  coil  may  behave  differently  under  similar  con- 
ditions because  of  a  difference  in  the  residual  magnetism.  There 
is  a  further  advantage  in  non-ferric  coils,  in  the  absence  of  core 
loss.  Such  coils  also  find  an  increasing  use  in  telephony  and  in 
wireless  telegraphy,  where  certainty  of  action,  and  alertness  at 


BROOKS-TURNER — INDQCTANCE   OF   COILS 


6  ILLINOIS  ENGINEERING   EXPERIMENT   STATION 

high  frequencies  are  important.  The  data  here  given  are  just  as 
applicable  to  small  coils  for  telephone  use  as  to  those  of  large 
size  for  power  use. 

IV.    Comparison  with  Iron-cored  Coils 

The  reactive  difference  between  iron-cored  and  coreless  coils, 
when  thrown  suddenly  into  action,  is  well  shown  by  the  instan- 
taneous photographic  record  of  the  oscillograph,  as  illustrated 
in  Fig.  la,  lb,  2a,  and  26.  The  same  alternating  electromotive- 
force  is  shown  in  all  these  reproductions;  therefore,  the  scale  of 
the  figures  is  to  be  understood  as  a  relative  one  merely.  Fig.  la 
shows  a  considerable  current-surge,  the  first  wave  having  many 
times  the  amplitude  of  those  of  normal  current  after  a  few  cycles. 


Fig.  2(1 


Fig.  2b 
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This  records  the  action  in  a  coil  with  iron  core,  to  which  the 
electromotive  force  was  applied  intentionally  at  the  instant  of  its 
most  rapid  change,  the  moment  when  the  normal  current  would 
naturally  be  a  maximum.  Pig.  lb  represents  the  same  action  in 
a  coreless  coil,  and  it  is  seen  that  the  surge,  though  present,  is 
limited,  the  maximum  effect  never  exceeding  twice  normal  cur- 
rent wave  values. 

Pig.  2a  and  2b  represent  the  lesser  action  occurring  in  cored 
and  coreless  coils,  respectively,  when  the  electromotive  force  is 
applied  at  the  instant  of  maximum,  when  its  value  is  not  chang- 
ing, the  very  moment  when  the  current  is  normally  passing 
through  zero,  so  that  the  current  starts  on  its  normal  wave  at 
once.  In  this  case,  there  is  little  or  no  difference  in  the  action 
of  the  coils,  except  that  due  to  residual  magnetism  in  the  cored 
coil;  but  under  the  extreme  condition  of  Fig.  la  and  lb,  the  ad- 
vantage of  the  coreless  coil  is  manifest,  since  there  is  relatively 
little  difference  between  the  best  and  the  worst  conditions.  Non- 
ferric  coils  have  an  increasing  use  for  electrical  work  of  all  kinds, 
as  their  advantages  are  better  appreciated. 

V.  Inductance  and  Reactance 

A  current  in  a  coil  of  wire  gives  it  the  properties  of  a  mag- 
net, even  when  an  iron  core  is  not  present.  Magnetic  properties 
of  non-ferric  coils  are  greater  than  is  generally  supposed. 
Within  such  a  coil  is  produced  a  magnetic  field  or  stress,  called 
flux,  (<^),  proportional  to  the  magneto- motive-force,  (mmf),  of  the 
current,  (i),  flowing  through  the  turns,  {N),  of  the  coil,  and 
limited  by  the  reluctance,  (Si),  of  the  flux  path.  Plux  is  ex- 
pressed in  maxwells,  or  lines  of  force,  commonly  called  "lines". 
Magneto-motive-force  is  expressed  in  gilberts,  where  one  gilbert 
is  4  TT  current  turns,  (4i-M),  in  absolute  units,  or  as  0.4  ^  am- 
pere-turns (OAn-yi)  when  l  is  in  amperes,  the  practical  unit  of 
current,  since  the  ampere  is  one- tenth  the  absolute  unit;  re- 
luctance is  expressed  in  oersteds,  these  units  being  in  absolute 
values  of  the  centimeter- gram  second  system.  Reluctance 
varies  directly  with  length  of  the  flux  path,  and  inversely  with 
its  area,  and  also  with  its  permeability  when  iron  is  included  in 
the  path.  Length  and  area  of  flux  path  in  a  normal  closed  mag- 
netic circuit  of  iron  are  easily  determined  with  considerable  pre- 
cision, but  in  air  or  in  any  non-magnetic  material,  the  dimensions 
of  the  flux  path,  while  definite,  cannot  be  expressed  by  any  sim- 
ple rule  that  applies  to  a  variety  of  cases.     In  iron,  the  path  has 
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a  high  permeability,  varying  with  magnetization;  in  air  and  most 
substances,  the  permeability  is  low,  but  constant,  and  does  not 
appear  in  equations  for  non-ferric  coils,  its  value  being  taken  as 
unity. 

A  steady  current  in  a  coreless  coil  produces  a  definite  mag- 
netic flux,  since  the  magneto-motive-force  and  the  reluctance  are 
constants.  If  the  current  varies,  the  flux  varies  proportionally. 
In  this  case,  another  action  arises,  since  experiment  shows  that 
a  varying  flux  induces  an  electromotive-force,  (e),  in  every  turn 
of  wire  interlinking  or  surrounding  the  flux  path.  This  electro- 
motive-force is  constant  only  while  the  flux  is  varying  at  a  con- 
stant rate,  being  proportional  to  the  rate-of -change  of  the  flux, 
(d  4>/dt).  Flux  cannot  long  continue  to  change  at  a  constant  rate, 
but  can  pulsate  or  alternate  and  thus  produce  alternating  electro- 
motive-forces.  An  alternating  current  in  a  coil  must  be  accom- 
panied by  an  alternating  magnetic  flux,  which  will  induce,  in  the 
turns  of  the  coil,  the  counter-electromotive-force  of  self-induc- 
tion, and  in  any  other  coil,  an  electromotive-force  of  induction, 
of  equal  value  per  turn,  if  similarly  situated  in  respect  to  the  flux 
path. 

The  coefiicient  of  self-induction,  or,  briefly,  the  inductance, 
(L),  of  a  coil  is  the  constant  ratio  existing  in  non-ferric  coils  be- 
tween the  counter-electromotive-force,  (e),  and  the  rate  of  change 
of  the  current,  (di/dt),  on  which  it  depends.  It  may  also  be  ex- 
pressed by  the  ratio  of  flux-turns,  (jV^),  to  inducing  current,  (i), 
as  shown  by  the  following  equations  expressing  these  laws; 

,  /.                 ,,          -,.       X      (wmf  in  gilberts)     4:Tr  Ni  ,.. 

</>  (m  maxwells  or  Imes)  -  .^  (j^  oersteds)  ""^ ^^^ 

e  (m  absolute  units)  —^^  —^^W  —^f ^^^ 

m  (reluctance)  =  '^""^'^  ^^/^^  ''f^=  "^ (3) 

area  of  flux  path         -^a 

(from(2)and(8))L  —  — — —  — :—  —  — z—. —    ,    , —  .  .  .(4) 

in  which 

a   =  mean  radius  of  the  coil  in  centimeters; 
b  =  length  of  coil,  also  in  centimeters; 
TTo^  =  the  definite  area  of  flux-path  within  the  coil; 
y  —  &  quantity  to  be  added  to  b  to  get  equivalent  return 
length  of  flux-path,  outside  the  coil,  as  explained 
under  "Flux-path". 
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The  inductance  coefficient,  L,  is  seen  to  be  a  constant,  de- 
pending upon  constants  of  the  coil  winding,  its  linear  dimensions 
and  turns.  The  numerator,  (2  t  «  Nf  is  the  square  of  the  length 
of  conductor  of  which  the  coil  is  made,  and  the  denominator, 
{b  +  ij),  is  a  coil  length.  If  y  could  readily  be  defined  for  coils  of 
different  shapes,  the  determination  of  L  would  be  a  simple  mat- 
ter. It  is  evident  that  the  square  of  a  length  divided  by  a  length 
is  of  the  dimension  of  length,  and  the  inductance  Z,  is,  in  absolute 
units,  the  centimeter.  The  practical  unit  is  the  henry,  which  is 
lO'^  centimeters,  the  length  of  the  earth  quadrant.  The  mil- 
henry,  the  thousandth,  and  the  microhenry,  the  millionth  of  this 
unit,  are  much  used  for  the  inductance  of  small  coils. 

VI,     Plux-Path 

The  dimensions  of  the  flux-path,  if  known,  determine  the  re- 
luctance. In  a  particular  coil  of  four  turns,  the  flux-path  is 
graphically  indicated  by  iron  filings,  as  shown  in  a  photograph  re- 
produced from  Simmons'  "Outlines  of  Electrical  Engineering,"  as 
Fig.  3,  in  which  it  may  be  seen  how  iron  filings  obey  the  ampere- 


FiG.  3.    Magnetic  Flux  Due  to  Ampere-Turns  of  Solenoid 

turns  of  a  steady  current.  The  flux  appears  to  be  uniformly 
strong  within  the  coil  and  to  diminish  rapidly  without.  The  flux- 
path  can  be  traced  some  distance  beyond  the  coil  before  it  be- 
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comes  indefinite,  just  as  smoke  can  be  traced  for  some  distance 
from  a  chimney  mouth.  As  the  path  increases  in  area,  its  re- 
luctance decreases;  therefore,  the  reluctance  of  the  return  path 
outside  the  coil  is  relatively  small.  It  is  not  zero,  however,  as 
sometimes  assumed,  since  the  path  does  not  become  indefinitely 
extended  immediately  upon  leaving  the  coil.  The  flux-path 
within  the  coil  may  be  assumed  to  have  the  area  of  an  average 
turn  of  the  coil,  a  definite  value,  and  a  length  the  same  as  the 
coil  length.  If  the  same  area  is  assumed  for  the  return  path, 
evidently  much  too  small,  it  is  fair  to  assume  a  return  length,  y, 
also  much  too  small,  to  correspond.  It  is  found  by  trial  that 
if  c  +  li,  the  sum  of  the  thickness  of  the  winding  and  the  outside 
radius  of  the  coil,  be  substituted  for  y  in  the  equation  (4),  a  close 
approximation  of  L  is  obtained  for  long  coils. 

In  a  coil  of  but  a  single  turn,  the  flux  distribution  must  be 
somewhat  as  shown  in  Pig,  4,  reproduced  from  Nipher's  "Electric- 
ity and  Magnetism".     The  flux  is  confined  to  a  definite  area  only 


Fig.  4 

where  it  passes  through  the  ring,  shown  in  section,  but  is  not 
uniformly  distributed  even  there,  the  lines  being  crowded  more 
closely  together  within  or  near  the  conductor  than  toward  the 
center  of  the  ring.  Flux  paths  may  be  represented  by  the  small- 
est circle  just  around  the  conductor,  or  by  any  of  the  longer 
curves  farther  away.     Indeed  with  reference  to  that  portion  of  the 
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current  energy  at  the  conductor's  center,  the  flux- path  may  lie 
wholly  or  partially  within  the  metal  of  the  conductor,  and  have 
a  length  that  is  less  than  the  smallest  circumference  of  Fig.  4. 
At  very  high  frequencies,  where  "skin-effect"  forces  the  current 
away  from  the  center  of  a  large  conductor,  increasing  its  abso- 
lute resistance,  this  internal  flux  path  may  be  eliminated  with 
consequent  diminution  of  absolute  inductance,  an  effect  quite  neg- 
ligible for  ordinary  frequencies.  In  such  a  formula  as  (4),  the 
definition  of  y,  the  equivalent  length  of  the  average  flux  line 
outside  the  coil  is  elusive  for  single  turns,  and  other  forms  of 
equations  have  generally  been  derived  for  the  inductance  of  rings. 
In  long  coils,  y  is  evidently  subordinate  to  6,  the  coil  length, 
and  a  slight  error  in  its  evaluation  makes  a  smaller  error  in  the 
value  of  inductance,  but  in  ring  coils  such  is  not  the  case.  In 
the  general  formula  presented,  (5)  or  (6),  page  13,  equation  (4)  is 
modified  by  factors,  F'  F" ,  which  virtually  modify  &  +  ?,,  giving 
an  approximate  value  for  all  shapes  of  coils  including  rings. 

VII.     Development  of  Brooks'  Universal  Formula 

There  is  an  evident  advantage  in  having  a  single  formula  ap- 
ply to  all  forms  of  coils,  provided  it  is  reliable  and  approximately 
accurate.  Where  different  formulas  have  to  be  used  for  long  and 
for  short  coils,  as  has  heretofore  been  the  case,  there  is  an  un- 
certainty as  to  intermediate  shapes,  due  to  the  discontinuity  of  the 
separate  formulas.  Professor  Morgan  Brooks,  one  of  the  writers 
of  this  bulletin,  has  developed  such  a  universal  formula,  appli- 
cable to  all  shapes  of  closely -wound  cylindrical  coils.  It  is  in 
agreement  with  the  theoretical  formula  for  very  long  solenoids, 
and  represents  approximately  the  best  formulas  for  coils  of  other 
shapes  of  one  or  many  layers,  even  including  the  most  extreme 
cases  of  single  turns  of  fine  wire.  Values  calculated  from  pre- 
cision formulas,  as  well  as  measured  values  for  a  great  variety  of 
coil  shapes,  indicate  a  possible  variation  not  exceeding  three  per 
cent  for  this  universal  formula. 

To  the  engineer  who  uses  resistance  tables  without  allow- 
ance for  temperature,  this  degree  of  accuracy  will  be  found  suf- 
ficient, for  it  must  be  remembered  that  a  difference  of  but  8°C. 
will  change  the  resistance  of  copper  wire  three  per  cent.  In 
fact,  it  is  difficult  to  duplicate  a  reactance  coil,  and  get  results 
within  three  per  cent  without  adjustment.  In  case  greater  pre- 
cision is  required,  the  universal  formula  will  be  found  useful  in 
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detecting  any  errors  of  calculation  in  using  more  elaborate  pre- 
cision formulas. 

The  universal  formula  is  partly  empirical,  but  is  based  upon 
the  theoretically  derived  equation  (4)  which  is  directly  applicable 
to  long  solenoids.  The  empirical  factors  are  so  devised  that  they 
cannot  cause  gross  errors,  no  matter  what  the  extreme  of  dimen- 
sions may  be.  It  indicates,  as  no  discontinuous  formula  can,  the 
approximate  percentage  of  increase  or  decrease  of  inductance 
that  any  modification  of  coil  dimensions  will  produce.  It  points 
directly  to  the  proportions  for  obtaining  the  maximum  inductance 
in  coreless  coils.  By  its  use  the  tables  and  charts  accompanying 
this  bulletin  have  been  prepared;  and  by  means  of  these  any  coil 
problem  involving  inductance  values  can  be  rapidly  solved. 


AXIS 


Fig.  5.    Coil  Section  Illustrating  Notation  Used  in'Bulletin 
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VIII.     Notation 

Fig.  5  illustrate.s  the  notation  used  throughout  this  bulletin. 
a  =  the  mean  radius  of  the  winding; 
b  —  the  axial  length  of  the  coil;  for  single  turns  use  d\ 
c  —  the  thickness  of  the  winding;  for  single  turns  use  d\ 
r  —  the  inner  radius  of  the  winding; 
R  =  the  outer  radius  of  the  winding; 
d  —  the  diameter  of  the  bare  wire; 
D  =  the  diameter  of  the  wire  over  insulation. 
The  above  dimensions  are  in  centimeters,  or  in  inches,  as 
may  be  indicated.     Mils  are  not  used. 

Gm  indicates  the  length  of  the  conductor  in  centimeters; 

Ft  indicates  the  length  of  the  conductor  in  feet,  and  Ft/ 1000 

=  thousands  of  feet; 
iV  is  the  total  number  of  turns  in  the  winding,  whence 
Cm  =  2  TT  a  N,  when  a  is  in  centimeters,  and 

Ft         2-^aN       ,  .... 

1000  =12000"'  ^^"^  "  ^'  ^^  ^^'^''' 

N'  is  number  of  turns  for  coils  of  prescribed  maximum  shape; 
/   =  frequency  of  alternating  current  in  cycles  per  second; 
L  =  inductance,   generally  in  henries,  sometimes  in  milhen- 

ries  or  microhenries; 
X  —  2-n-fL  =  ohms  of  reactance. 
R  =  ohms  resistance;  for  use  on  pp.  36  and  37  only. 

Universal  Formula  for  Coil  Inductance 

The  formula  derived  by  Professor  Morgan  Brooks  is  given 
in  two  forms,  one  (5)  for  dimensions  in  centimeters,  the  other  (6) 
for  dimensions  in  English  units.       Both  give  results  in  henries. 

L(in  henries)  =    ^^^^  X^  (5) 

0.366  {£^y 

L  (in  henries)  =      ,^  ^T,     X  F' F" (6) 

In  (6)  the  conductor  length  is  in  thousands  of  feet,  and  the  coil 
dimensions  in  inches.  0.366  is  the  conversion  factor.  F'  and  F" 
are  empirical  coil-shape  factors  dependent  upon  the  relative,  and 
independent  of  the  absolute  dimensions  of  the  winding.  Values 
of  F    and  F"  are  as  follows: 

^    =  106  +  100+1.4/^^    ^    =0.5  log.  (100  +  ^^^^) 
These   factors  F'  and  F"  may    appear   formidable,  but  they    are 
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easy  to  use.  F'  varies  from  unity  for  very  long  coils  to  1.43  for 
the  shortest  of  coils,  the  single  turn.  It  is  a  factor  that  takes 
account  of  the  varying  thickness  of  coil  windings,  as  well  as  of 
the  relative  importance  of  radius  and  length  of  coil  in  their  influ- 
ence upon  indactance.  F  is  negligible  for  long  coils,  falling  be- 
low 1.01  for  all  coils  whose  axial  length  is  the  greatest  dimension. 
F"  becomes  active  for  short  coils,  especially  for  those  of  but  a 
single  turn. 

TABLE    1 
Shape-Factors,  F'  and  F"  for  Certain  Coil  Proportions 


a 

b 

C 

R 

F- 

F- 

F' 

F- 

19 
15 

200 
200 

2 

10 

20 
20 

1.008 

1 .015 

1.001 

1.001 

1.009 

1.016 

19 
1.5 

100 
100 

2 
10 

20 
20 

1.015 

1.028 

1.003 

1.002 

1.018 

1.030 

19 
15 

50 
50 

2 

"lO 

20 
20 

1.029 

1.051 

1.006 

1.004 

1.035 

1.055 

19 
15 

20 
20 

2 
'lO 

20 
20 

1.064 

1.097 

1.013 

1.008 

1.078 

1.106 

19 
15 

12 
12 

2 

10 

20 
20 

1.095 

1.129 

1.019 

1.011 

1.116 

1.141 

19 
15 

8 
8 

2 
10 

20 
20 

1.125 

1.154 

1.026 

1.013 

1.154 

1.169 

19 
15 

5 
5 

2 
10 

20 

20 

1.163 

1.182 

1.035 

1,015 

1.2(4 

1.200 

19 

15 

4 
4 

2 

10 

20 
20 

1.182 

1.190 

1.040 

1.016 

1.229 

1.209 

19 
15 

3 
3 

2 
10 

SO 
20 

1.205 

1.203 

1.045 

1.017 

1.259 

1.223 

19 
15 

2 
2 

2 
10 

20 
20 

1.235 

1.216 

1.054 

1.017 

1.301 

1.237 

19 
15 

1 
1 

2 

10 

20 
20 

1.277 

1.232 

1.065 

1.018 

1.360 

1.254 

19 
15 

0.5 
0.5 

2 
10 

20 
SO 

1.302 

1.241 

1.073 

1.018 

1.397 

1  263 

19 
15 

0.2 
0.2 

2 

10 

20 

20 

1.320 

1.246 

1.079 

1.019 

1.424 

1.270 

19 
15 

0.1 
0.1 

5 

10 

20 
20 

1.326 

1.249 

1.081 

1.019 

1.433 

1.273 

Square  Winding-Section  Coils 


17.5 

5 

5 

20 

1.172 

1.023 

1.199 

19. 

2 

2 

20 

1.235 

1.054 

1.301 

19.5 

1 

1 

20 

1.292 

1.097 

1.418 

19.75 

0.5 

0.5 

20 

1.342 

1.163 

1.561 

i9.9 

0,2 

0.2 

20 

1.387 

1.J9 

1.79 

19.95 

0.1 

0.1 

20 

1.407 

1.42 

2.00 
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The  ti'Giid  of  values  of  F'  and  of  i^"  and  of  their  product  F'  F" 
may  be  seen  from  Table  1,  in  which  will  be  found  values  for  a 
variety  of  coil  proportions.  Approximate  values  for  intermedi- 
ate shapes  may  be  estimated  by  interpolation. 

Equations  (5)  and  (6)  may  be  relied  upon  for  giving  a  close 
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approximation  to  the  inductance  of  any  closely-wound  cylindrical 
coil,  long  or  short,  thick  or  thin,  from  the  long  solenoid  to  the 
single  turn  of  fine  wire.  For  spaced  windings,  they  are  not  re- 
commended, especially  when  the  space  between  turns  is  great  as 
compared  with  the  diameter  of  the  bare  conductor.  Equation  (4), 
upon  which  these  general  formulas  are  based,  assumes  a  perfectly 
smooth  flux-path  of  uniform  density  within  the  coil.  The  photo- 
graphic record  of  the  iron  filings,  Pig.  3,  shows  some  irregulari- 
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ties  along  the  sides  of  the  coil,  as  if  the  magnetic  lines  were  try- 
ing to  escape  between  the  turns.  If  the  turns  were  spaced  farther 
apart,  this  effect  would  be  increased,  introducing  another  element 
into  the  equation. 

IX.    Reactance 

When  sine-wave  alternating  current  is  used,  the  value  of  the 
reactance  in  ohms  that  any  coil  will  give  is  obtained  from  its  in- 
ductance, L,  in  henries,  by  multiplying  by  27r/,  which  is  157,  377, 
and  1885  for  frequencies  of  25,  60,  and  800  cycles  per  second,  re- 
spectively. 300  frequency  is  often  assumed  in  telephone  circuits, 
although  telephonic  waves  include  many  higher  frequency  har- 
monics. Fig.  6  is  a  chart  for  giving  at  once  values  of  reactance, 
when  inductance  is  known,  for  the  frequencies  above  mentioned. 

X.     Application  of  Formula  to  Long  Coils 

For  long  coils,  F'  and  F"  may  be  neglected  for  first  approxi- 
mations, when  formula  (5)  becomes  reduced  to  its  first  term, 

i  (in  henries)  =  ^^^p^;^, (7) 

This  corresponds  to  equation  (4)  with  c  +  R  substituted  for  y  as 
explained.  The  substitution  is  empirical,  justified  by  the  results 
obtained. 

Even  for  approximations,  (7)  is  not  recommended  unless  the 
length,  l>,  is  at  least  twice  the  outside  diameter,  2.11,  when  the 
error  involved  will  scarcely  exceed  4  per  cent  with  a  multilayer 
winding,  and  will  be  within  2  per  cent  for  a  single  layer  solenoid, 
becoming  more  accurate  as  the  length  of  the  coil  increases. 

In  extremely  long  coils,  c  and  R  are  so  small  as  compared  with 
&,  that  they  too  may  be  neglected,  when  the  formula  becomes  re- 

duced  to  L  (in  henries)  = z-zr  ,  the  equivalent  of  the  form- 

&  X  10^   ' 

ula  often  given  in  text-books  without  reservation  as  suitable  for 
solenoids.  The  Bureau  of  Standards  refers  to  this  "approximate 
formula  for  long  solenoids"  as  having  "a  considerable  error",  but 
offers  no  substitute  except  the  Lorenz  single-layer  formula,  which 
involves  elliptic  integrals.  It  is,  in  fact,  in  error  from  20  to  40 
per  cent  according  to  thickness  of  winding,  if  the  coil  is  twice  as 
long  as  the  outside  diameter,  and  more  than  5  per  cent  when  coil 
length  is  as  much  as  20i?,  its  error  being  roughly  ten  times  as 
great  as  that  of  (7),  which  is  therefore  recommended  as  a  substi- 
tute for  this  common  form. 
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XL     Application  of  Formula  to  Short  Coils 

There  is  no  sharp  distinction  between  long  and  short  coils, 
but  coils  whose  axial  length  is  less  tlian  their  outside  diameter 
may  be  classed  as  short.  With  a  given  length  of  conductor  short 
solenoids  yield  more  inductance  than  long,  but  equation  (7)  shows, 
as  the  common  objectionable  form  does  not,  that  this  gain  has  a 
limit  where  the  value  of  R  begins  to  predominate,  for  the  radius 
of  the  coil  must  increase  with  a  material  shortening  of  the  wind- 
ing. Experiment  shows  also  that  disks  and  rings  have  less  in- 
ductance than  ordinary  compact  shapes,  using  the  same  length  of 
wire.  However,  equation  (7)  does  not  place  enough  emphasis  up- 
on the  radius  for  short  coils,  and  the  empirical  factors  F'  and  F" 
were  introduced  to  correct  this,  and  cause  the  general  formula  (5) 
to  follow  closely  the  varying  influences  of  radius,  length  and 
thickness.  A  comparison  with  precision  formulas  for  the  several 
types  of  coils  shows  how  well  they  perform  their  part. 

XII.     Stefan's  and  Kirchhoff's  Precision  Formulas 

Stefan's  formula  for  multilayer  short  coils  has  proved  ser- 
viceable for  comparisons,  since  it  is  stated  to  be  precise  without 
correction  for  very  short  coils,  and  within  one  per  cent  for  coils 
whose  length  does  not  exceed  radius.  This  formula,  together 
with  its  table  of  constants,  is  reproduced  from  the  Bureau  of 
Standards  bulletin.  The  examples  of  its  use  there  given  are  con- 
fined to  coils  of  relatively  few  layers. 

TABLE    2 

Constants  for  Stefan's  Formula 


b            c 

^     ^       c 

-JL.  or— — 

3/i 

y 

or  -— 

y-i 

y.i 

c             b 

2 

c             b 

.00 

.50000 

.1250 

.55 

.80815 

.3437 

.05 

.54899 

.1269 

.60 

.81823 

.3839 

.10 

.59243 

.1325 

.65 

.82648 

.4274 

.15 

.63102 

.1418 

.70 

.83311 

.4739 

.20 

.66.520 

.1548 

.75 

.83831 

.5234 

.25 

.69533 

.1714 

.80 

.84225 

.5760 

.30 

.72172 

.1916 

.85 

.84509 

.6317 

.35 

.74469 

.2152 

.90 

.84697 

.6902 

.40 

.76454 

.1423 

.95 

.84801 

.7518 

.45 

.78154 

.2728 

1.00 

.84834 

.8162 

.50 

.79600 

.3066 

Stefan's  formula  for  multilayer  short  coils  is  as  follows: 
L  (in  centimeters)  = 


47ra2V^  [(1  + 


96a' 


-)log€ 


•(^^p?)       '■"  +  16a^^' 


.(8) 
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All  dimensions  are  in  centimeters.       Result  divided  by  10'^  gives 

henries.       For  notation  see  page  13,  except  for  values  of  iji  and 

7/2,  given  in   the   table   for  certain   ratios  of   b   to  c,   or  of  c  to 

6,  so  taken  as  to  make  the  ratio  a  fraction.     Naperian  logarithms 

are  employed  in  this  formula.      Multiply  common  logs  by  2.3026 

to  get  Naperian  logs. 

An  excellent  formula  for  the  inductance  of  a  single  turn  is 

that  of  Kirchhoff ,  which  the  Bureau  of  Standards  says  is  extreme- 

n 
ly  accurate,  where  —  is  large,   the    error    being  less  than  one 

part  in  a  million  where  -^  =   250,  and  is  no  more  than  one  in 

a 

500  where  —  =  5.       The  formula  is  evidently  more  exact  than 

any  possible  construction  of  a  single  turn  in  practice. 
Kirchhoff 's  formula  for  single  turns  is  as  follows: 

L  (in  centimeters)  =  l^a  (loge — 7- 1.75) (9) 

Transformed  into  a  form  to  employ  common  logarithms  this  be- 
comes, 

L  (in  centimeters)  =  28.9XaXlogio^^ (10) 

The  above  have  a,  the  mean  radius,  in  centimeters.     For  English 
measure,  it  becomes 

L  (in  microhenries)  =  .  0734  X  a  X  log^o  "^  ,      (11) 

where  a  is  in  inches.     The  logarithmic  term  being  a  ratio,  values 
are  in  any  units. 

XIII.     Modified  Kirchhoff  Formula  For  Many  Turns 

As  an  extremely  simple  formula,  good  for  approximate  work 
with  short  coils,  the  following  modification  of  Kirchhoff's  is  sub- 
mitted: 

L  (in  milhenries)  =  0.29 XaX(^)'  X  logio(^:j:^) (12) 

where  coil  dimensions  are  in  centimeters,  and 

L  (in  milhenries)  =  0.736 XaX(j^)'xlogio(^) (13) 

where  coil  dimensions  are  in  inches. 

These  formulas  (12)  and  (13)  are  not  recommended  for  use 

where  the  value  of  the  logarithmic  term  is  less  than  unity;  i.  e., 

5rt 
where  j- — ; — r  is   less    than    10,    although   it   gives   fair   results 
\b  +c) 
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when  this  ratio  is  between  5  and  10.  They  apply  equally  well  to 
single  and  multi-layer  coils  and  to  disks  and  single  turns,  cover- 
ing substantially  the  field  of  both  Stefan's  and  Kirchhoff's.  It  is 
discontinuous,  as  it  would  become  negative  for  coils  of  relatively 
small  radius.     For  single  turns  &+c  =  2d. 

XIV.     Comparisons 

Table  3  gives  the  specifications  of  nineteen  coils  of  widely 
varying  proportions,  of  which  a  comparison  of  the  value  of  induc- 

TABLE  3 
Descbiptiox  of  Coils* 


Coil 

Layers 

Turns 

Length 

Thickness 

Mean 
Radius 

Length  of 
Conductor 

1 

28 

784 

3.2 

3.20 

6.19 

30480 

2 

10 

330 

3.0 

0.79 

2.90 

6003 

3 

14 

462 

3.0 

1.15 

3.08 

8926 

4 

18 

.594 

3.0 

1.59 

3.25 

12111 

5 

20 

660 

3.0 

1.65 

3.28 

13511 

6 

1 

0.2 

0.20 

25.00 

157 

7 

1 

0.1 

0.10 

25.00 

157 

8 

1 

1.0 

1.00 

J5.00 

157 

9 

2 

0.2 

0.10 

99.85 

627 

10 

4 

0.2 

0.20 

99.90 

2507 

11 

4 

0.4 

0.10 

100.00 

2513 

12 

10 

1.0 

n.io 

25.00 

1571 

13 

20 

2.0 

0.10 

25.00 

3142 

14 

16 

0.4 

0  40 

100.00 

10053 

15 

50 

5.0 

0.10 

20.00 

6283 

16 

10 

100 

1.0 

1.00 

4.00 

1257 

17 

I 

2.0 

2.00 

10.00 

63 

18 

1 

l.P 

1  00 

25.00 

157 

19 

20 

400 

1.0 

1.00 

10.00 

25133 

*  All  dimensions  are  in  centimeters. 

TABLE  4 
COMPAEISON 


Coil 

By  Experi- 
ment 

Prof.  Brooks' 
Formula 

Error 
per  cent 

1 
2 
4 
5 

75.754 
5.543 

18.476 
24.110 

76.10 

5.578 

18.989 

23.511 

0.4 
0.64 

-2I49 

Bureau  of  Standards 


6t 

.02058 

.00204 

—0.88 

7* 

.0)202 

.00204 

1.22 

8 

.00041 

.000416 

—1.39 

9 

.0374 

.0372 

—0.53 

10 

.1435 

.1410 

-1.75 

11 

.1394 

.1397 

0.31 

12 

.1490 

.1506 

0.89 

13 

.5150 

.=^220 

1.64 

14 

2.070 

2.050 

-0.97 

15 

1.860 

1.900 

1.93 

16 

1   147 

1.176 

2.53 

17 

.000331 

.000326 

—1.51 

18 

.00133 

.00131 

—1  50 

19 

64.158 

65.80000 

2.55 

t  (round) 
*  (square) 
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taace  obtained  by  use  of  the  universal  formula  with  those  given 
by  the  Bureau  of  Standards  is  given  in  Table  4.  It  will  be  ob- 
served that  there  is  no  error  greater  than  3  per  cent. 

[t  will  perhaps  give  greater  confidence  in  the  universal  for- 
mula to  show  its  fair  agreement  in  the  most  extreme  case,  that 
of  a  single  turn  of  large  radius,  even  if  such  a  winding  is  not  re- 
quired commercially.  For  this  purpose,  a  comparison  with  the 
exact  Kirchhoff  formula  (10)  is  invited,  as  illustrated  in  the 
tabular  stabement  below.  The  nearly  uniform  variation  of  the 
approximate  formula  (5)  from  the  standard  for  such  single  turns 
is  2.5  per  cent,  and  the  error  cannot  exceed  the  3  per  cent  limit 
in  the  most  extreme  case,  as  proved  in  the  foot-note  on  this  page*. 
The  comparative  values  derived  from  the  modified  Kirchhoff  for- 
mula (12)  are  also  set  down,  to  indicate  that  its  extension  to  coils 
of  many  turns  does  not  prevent  its  use  for  single  turns.  It  is 
seen  that  the  empirical  factors  F'  and  F"  are  so  held  in  check  in  the 
shortest  of  coils,  the  single  turns,  as  well  as  the  extremely  long 
coils,  where  they  become  unity,  that  it  is  not  possible  for  them  to 
cause  the  errors  that  often  arise  from  empirical  formulas  when 
used  beyond  usual  limits. 

Comparison  of  formulas  (5)  and  (12)  with  (10)  for  large  single 
turns: 


a      {b=c=d) 

B 

L  (in  microhenries  )  by 

Variation 

from  (10) 

in  per  cent 

100 
1000 
10000 

1 
1 

1 

100.5 
1000.5 
10000.5 

<\0) 

7.07 

99.60 

1285.00 

(5) 

6.88 

96  90 

1253  00 

(12) 

6  96 

98.50 

1275.00 

(5) 

2.7 
2.7 
2.5 

(121 

1.6 
1.1 

0.8 

♦For  extremely  large  circles  of  but  a  single  turn  equation  (5)  reduces  rapidly  to  a  form 
similar  to  Kirchhot'f's  formula  (10)  as  follows:  The  transformation  is  obtained  by  using  2  t  « 
for  Cm.  its  equivalent;  by  neglecting  b  and  c  in  the  denominator  of  the  Mrst  term,  and  by  using 
a  for  7?;  by  omitting  h  and  c  as  negligible  in  comparison  with  R,  or  a  in  the  F'  term,  making 
the  value  of  that  term  1.438;  and  lastly  by  omitting  the  100  in  the  F"  term,  as  negligible  in  com- 
parison with  the  ratio  of  1 4-—^ ,  as  it  will  be  in  the  most  extreme  cases.  (5)  then  becomes  trans- 
formed  as  follows: 


L  (in  centimeter)  = 


(27ra)2 


X  1.428  X  0.5  log  14  a/5d 


=  28.2  X  a  X  \og:  2.8  a/d 
This  differs  from  ( 12 1  only  in  the  coefficient,  which  is  28.9  in  that  equation,  showing  a  difference 
of  2.5  per  cent  in  the  most  extreme  case  possible,  such  as  the  third  line  of  the  tabular  compar- 
ison above. 


22 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


XV.     Effect  of  Shape  of  Coil  on  Inductance 

Fig.  8  is  a  photograph  of  two  coils  wound  with  tlie  same 
length,  50  ft.  of  No.  8  wire,  the  larger  being  wound  in  7  turns 
loosely  upon  a  bicycle  rim,  the  other  wound  into  a  small  coil  of 
56  turns.  The  small  coil  has  about  2.5  times  the  inductance  that 
the  larger  has.  The  measured  values  are  .239  milhenries  and 
.085  milhenries  for  the  small  and  large  coils.  Calculated  values 
are  not  very  accurate  for  these  coils,  since  they  are  not  closely 
wound. 


Fig.  8.    Photograph  of  Two  Coils  Wound  to  Illustrate  Influence 
OF  Shape  on  Inductance.    (See  Sec.  XV.) 

Table  5  has  been  prepared  to  illustrate  the  variation  of  in- 
ductance due  entirely  to  the  shape  of  the  coil  into  which  a  given 
conductor  may  be  wound.     The  length  of  wire  chosen,  52.4  ft. 
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is  that  required  to  produce  80  turns  of  an  average  diameter  of  1^.5  in. 
These  80  turns  are  shown  disposed  in  various  ways,  as  a  single 
layer,  as  two  layers,  as  four,  eight  and  sixteen  layers,  this  last 
being  a  very  thick,  short  coil,  with  a  very  small  hole.  Any  shorter 
coil  with  80  turns  would  fill  up  the  hole  completely,  so  the  suc- 
ceeding lines  show  coils  of  less  turns  and  greater  mean  radius, 
until  the  final  stage  of  a  single  turn  of  the  entire  52  ft.  is  reached. 
The  values  were  calculated  by  the  general  formula  6  and,  so  far  as 
applicable,  by  formula  (13),  which  is  easier  to  use  for  very  short  coils, 
such  as  disks  and  rings.  An  additional  line  in  the  table  gives  the  cal- 
culated inductance  for  the  same  conductor  in  a  straight  line,  showing 
thattheinductanceof  a  single  turn  is  less  than  the  straight  value. 


TABL.E    5 

Illustrating  the  Effects  of  Coil  Shape  upon  Inductance 

Inductance  in  railhenries  of  52.4  ft.  of  magnet  wire,  0.1  in.  diameter 
outside  (small  No.  11  d.  c.  c.)  wound  into  cylindrical  coils  of  various  shapes 
as  indicated. 


No. 


Description 


No.of 
Lay- 
ers 


Total 

Mean 

Length 

Thick- 

Outer 

Turns 

Radius 

ness 

Radius 

p.   p. 

A' 

a 

b 

c 

R 

80 

1  25 

16. 

0.1 

1.3 

1.007 

80 

1.25 

8. 

.1 

1.3 

1.015 

80 

1.25 

4. 

.2 

1..S5 

1.032 

80 

1.25 

2. 

.4 

1.45 

1.072 

80 

1.25 

1. 

,8 

1  65 

1.141 

80 

1.25 

0.5 

1.6 

2.05 

1.2 

50 

2. 

.5 

1. 

2.5 

1.20 

25 

4. 

.5 

.5 

4  25 

1.28 

16 

6.25 

.4 

.4 

6.45 

1.38 

8 

12.50 

.2 

.4 

12.7 

1.57 

4 

25. 

.1 

.4 

25.2 

1.78 

2 

50. 

.1 

0 

50.1 

2.13 

1 

100. 

.1 

.1 

100.05 

2.46 

0 

Inf. 

Indue.  L. 

Milhenries 
(6)     (13) 


Per 

cent  of 
Max. 


Spaced  solenoid. . . 

Solenoid 

Double  layer  ditto 

Thick  tube 

Compact  MAXI- 
MUM  

Thick  disk 

Thick  disk 

Sq.  section  ring. .. 
Sq  .  section  rintf. .. 

Flat  ring 

Thin  disk 

Thin  disk 

Single  turn 

Straight  line 


.058 
.108 
.186 
.279 

.331 

.289 
.301 
.244 
.190 
.119 
.069 
.042 
.025 


.030(XVI)i        9 


XVI.     Inductance  of  a  Straight  Wire 

L  (in  milhenries)  =  Ft.  X 0.00014  (1.35+  log,o— '),  where  Ft.  is  the 

length  of  the  conductor  in  feet,  and  d  its  diameter  bare  in  inches. 
It  is  assumed  that  the  return  conductor  is  at  infinite  distance. 


XVII.     Illustrative  Calculations 

Complete  calculations  are  here  given  for  the  coil  represented 
by  line  10  of  Table  5,  values  being  taken  from  the  table. 
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By  (6)  L  (in  henries) 

^■366  (.0524)' 

.2+. 4+12.7 

.  366  X.  00275 


X 


X 


2+4.8+25.4 
2+4.   +17.8 

32.2 


X.51og(100- 


.4+1.2 


13.3  23.8 

=  .0000757X1.35X1.162 
=  .000119  or  .119milhenries 
By  (13)  L  (in  milhenries) 

=  0.736X12.5X  (.08)'  X  log 
=  .0589X2.018  =  .119 


X.5  log  211 


62.5 


1 

1 

\ 

^ 

- 

- 

-— !J 

21JT; 

^ 

nitvr 

a  * 

i 

/ 

y' 

"^ 

^^ 

\ 
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"^ 

^ 

V 

d 

J 

A 

/ 

V 

/ 

\ 

\ 

N 

1 

V 

^ 

^ 

^ 

^ 

~~     ~ 

— 

— 

— 

. 

0       2       J        6       8       10       12       1-1       16       18      20 
NIMBER  OF  HUNDRED  TURNS 

Fig.  9.    Chart  Showing  the  Varying  Inductance  of  1000  Feet  of 
No.  16  D.  c.  c.  Wire     When  wound  into  coils  of  varying  mean  radius, 

a,  while  the  ratio  of  -^  is  maintained  equal  to  1.2. 
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Values  are  calculated  by  equations  (6)  and  (13),  except  line  14, 
for  which  see  page  23.  Line  1,  spaced  solenoid,  is  calculated  by  (6), 
since  the  spacing  is  not  sufficient  to  vitiate  the  result.  The  for- 
mula is  not  designed  for  spaced  windings.  Line  5  is  the  maximum 
inductance,  the  coil  being  practically  the  prescribed  maximum 
shape.  Equation  (18)  gives  .3315  milhenries  as  the  possible  maxi- 
mum. Lines  4,  6  and  7  show  that  a  considerable  alteration  of  coil 
proportions  does  not  seriously  affect  the  inductance.  Equation 
(13)  is  applicable  only  to  short  coils. 

Pig.  9  and  10  show  how  the  inductances  of  a  given  length  of 
wire  vary  with  certain  factors.  In  Pig.  9,  the  ratio  of  ?>  to  c  was 
kept  constant  {b=  1.2  c),  while  the  number  of  turns  was  varied. 
The  shape  curve  in  Pig.  9  gives  the  mean  radius  of  the  coil 
for  a  given  inductance  under  the  conditions  imposed.  In  Pig.  10, 
the  mean  radius  a  was  kept  constant,  while  b  and  c  were  varied 
through  a  wide  range;  since  their  product  was  kept  constant,  an 
equilateral  hyperbola  (shape  curve)  will  give  shape  of  cross  sec- 
tion of  coil,  i.  e.,  the  abscissa  to  any  point  on  the  inductance  curve 
gives  the  axial  dimension  b  and  the  ordinate  to  the  shape  curve 
at  this  point  will  give  the  thickness  of  the  winding. 

XVIII.     Maximum  Inductance  in  Coreless  Coils, 
WITH   Equations 

Por  a  given  conductor,  the  numerator  of  the  first  term  of 
equations  (5)  or  (6),  the  metric  and  English  forms  of  the  universal 
formula,  is  constant,  and  the  variation  of  inductance  is  determined 
by  the  shape  of  the  coil,  as  indicated  by  the  denominator  of  the 
first  term,  and  by  the  shape  factors,  F'  F" .  In  closely- wound  coils, 
the  values  of  a,  b  and  c  must  vary,  so  that  their  product  remains 
constant,  since  2Tra  X  &c  is  the  volume  of  the  winding.  The  de- 
nominator, &+C  +  7?,  may  be  written  «+?>+ 1.5c,  since  B  = 
a  +  .5c,  and  its  minimum  value  occurs  when  a  =  b  ~  l.o  c  under 
the  law  stated.  This  would  indicate  the  coil  proportions  for 
maximum  inductance  but  for  the  varying  values  of  i^'  andi*^". 
These  factors  botn  increase  if  the  coil  is  shortened  and  its  radius 
slightly  increased,  while  the  denominator  is  but  little  affected. 
It  is  found  by  the  method  of  approximations  that  the  relative 
proportions  of  the  coil  which  will  produce  the  maximum  induct- 
ance are  in  fact  nearly  as  follows:  a:&:c  =  1.5:1.2:1.0. 
To  the  same  scale,  r  ^  1  and  S  —  2,  showing  that  the  outside 
diameter  of  the  coil   is  twice  its  inner  diameter,  and  the  axial 
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length  0.3  its  outside  diameter,  a  compact  shape,  shown  in  Fig.  5. 

A  slight  variation  from  these  proportions,  such  as  may  be 
necessitated  by  the  integral  number  of  layers  and  of  turns  per 
layer  that  must  exist  in  a  smooth  winding,  will  cause  little  loss 
from  maximum  inductance,  while  a  great  variation  will  reduce  the 
inductance  materially.  Line  5  of  Table  5,  already  referred  to, 
is  so  nearly  of  prescribed  proportions  that  the  inductance  is  in- 
distinguishable from  maximum.  Line  7  shows  a  reduction  of  in- 
ductance by  10  per  cent  due  to  a  moderate  change  in  the  coil 
shape.  Lines  4  and  6  show  a  still  greater  reduction  of  inductance 
although  the  change  in  shape  would  not  appear  to  be  greater 
than  that  of  line  7  from  the  maximum.  It  will  be  noticed  that  in 
all  the  coils  of  this  table,  except  line  1,  which  is  a  spaced  coil,  the 
product  abc  is  unity.  The  effect  of  further  modification  of  coil 
shape  is  graphically  shown  in  Fig.  24  and  25,  described  under 
"XIX.  Charts". 

Since  economy  in  the  use  of  material  for  the  production  of 
inductive  reactance  requires  the  employment  of  approximately 
the  maximum  shape,  the  general  formulas  may  be  reduced  to  a 
much  simpler  form  if  the  prescribed  shape,  where  a:&:c  =  1.5: 
1.2:1.0  is  used.  For  these  proportions  i^' X  i^"  =  1 .  14,  and 
b  -\-c  +  B  =  4.2c. 
Equation  (5)  then  becomes  for  maximum  inductance: 

i  max  (in  henries)  =  0.2714^^^9 ^"^^^ 

where  all  dimensions  are  in  centimeters.  See  also  equation  (17). 
The  value  of  c  is  chosen  as  the  dimension  unit,  since  it  is  equal  to 
r,  the  radius  of  the  spool  on  which  the  coil  must  be  wound.  Its 
absolute  value  may  be  determined  from  the  dimensions  of  the 
given  conductor  as  follows: 

The  coil  volume,  2Tr  a  Xb  c  becomes  for  maximum  shape 
3 . 6  T  c^,  using  the  relative  proportions  given  above.  This  volume 
in  closely-wound  coils  must  equal  the  conductor  length  multi- 
plied by  its  outside  diameter  squared,  or  CmD^,  the  units  being 
taken  in  centimeters.     From  this  equality,  o  is  determined. 

c  =  {^^)       =  0.4455  {Cm  D')^     (15) 

O.D  TT 

all  values  in  centimeters;  or 

c  (in  inches)  =  1.02  {Ft.  X  D'^)^ (16) 

where  conductor  length  is  in  feet,  and  outside  diameter  in  inches. 
Substituting  (15)  in  (14),  the  maximum  inductance  is  found  in 
terms  of  conductor  dimensions  alone: 

L  max  (in  henries)  =  0.609  Cm  {-^)       X,10  ^  .. . .  (17) 
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the  conductor  dimensions  being  in  centimeters.  In  English  units 
this  becomes: 

Vt  3 

L^,,  (in  henries)  =  97.3  i^^.    (^7^^^)    X  10^  (18) 

Ft.  is  the  length  of  conductor  in  feet,  and  D  is  its  outside  diameter 
in  inches. 

A  simple  equation  for  maximum  inductance,  avoiding  expo- 
nents, is  obtained  from  (14).  In  every  coil,  Cm  —  2-^aN.  Writing 
N'  for  the  turns  and  8c  for  2a  in  a  coil  of  maximum  shape, 

Cm  =  3  T  e  iV'  or  —   =  8  ^  JV"' . 
c 

Substituting  in  (14) 

L  n,ax  (in  henries)  =.2714  X  (7mX3^xV'  10'''  =  2.56  CmN'  10  ^(19) 
and 

L  ma^  (in  henries)  =  78  X  Ft.  N'  10^ (20) 

for  English  units. 

N'  is  the  number  of  turns  for  the  prescribed  shape  of  coil 
only,  and  a  small  variation  from  that  shape  may  affect  the  number 
of  turns  more  than  it  does  the  inductance.  Putting  (17)  =  (19) 
N'  is  defined  by 

N'  =  0.238  (-^)'    (21) 

This  shows  that  the  number  of  turns  in  a  coil,  wound  for  maximum 
inductance,  is  dependent  upon  the  ratio  of  length  to  outside 
diameter  of  conductor,  and  independent  of  absolute  dimensions, 
hence  any  units  may  be  used  in  equation  (21),  providing  the  same 
units  are  used  for  numerator  and  denominator.  The  number  of 
turns  derived  from  (21)  should  be  used  in  equations  (19)  and  (20), 
since  this  number  may  differ  from  actual  count  of  turns,  unless 
the  winding  is  very  exact. 

XIX.     Charts 

Since  curves  often  present  information  that  is  to  be  obtained 
only  with  effort  from  formulas,  it  is  a  feature  of  this  bulletin 
to  offer  charts  for  the  determination  of  the  inductance  of  any  core- 
less  cylindrical  coil. 
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Unlike  resistance,  inductance  depends  not  only  upon  the 
conductor  dimensions  but  upon  the  thickness  of  insulation,  and 
the  shape  of  the  coil  winding,  therefore  to  exhibit  in  simple  chart 
form  the  information  desired  requires  a  comprehensive  scheme. 
Since  the  inductance  of  any  conductor  will  reach  a  maximum 
when  wound  into  the  best  shape,  and  has  a  definite  proportion  of 
this  maximum  value  when  wound  into  any  other  specified  shape, 
the  use  of  the  two  curves  may  be  made  to  determine  the  induct- 
ance of  any  cylindrical  winding  whatever;  one  giving  the  maximum 
value,  the  other  the  percentage  of  that  maximum  that  the  condi- 
tions prescribe.     Their  product  is  the  desired  inductance. 

A  curve  from  which  the  maximum  may  be  taken  will  be  found 
upon  one  of  the  several  inductance  charts  covering  the  principal 
commercial  sizes  and  insulations  of  magnet  wire,  as  explained 
fully  under  section  XX.  A  curve  for  the  proportion  of  maximum 
value  inherent  in  various  possible  shapes  of  coil  will  be  found  in 
one  of  the  two  shape-coefficient  charts  for  long  and  short  coils, 
as  explained  in  detail  in  section  XXII.  These  charts  are  so  bound 
as  to  permit  the  use  of  the  two  selected  charts  simultaneously. 

The  charts  may  seem  to  be  drawn  on  too  small  a  scale  for 
definite  readings,  but  the  use  of  a  more  open  scale  might  lead  to 
the  assumption  of  greater  accuracy  than  the  method  warrants. 
There  should  be  no  difficulty  in  deriving  values  accurate  to  5%. 
with  perhaps  a  little  greater  uncertainty  for  interpolated  condi- 
tions and  furnishing  an  excellent  check  upon  calculated  values. 
The^se  of  logarithmic  section  paper  will  be  seen  to  give  the  same 
proiX)rtionate  accuracy  throughout  the  range  of  the  charts,  and 
facilitates  the  extension  of  this  range  to  any  desired  degree. 

XX.     Maximum  Inductance  Charts 

Charts  herewith  presented  permit  direct  readings  of  the  maxi- 
mum self-inductance  that  may  be  obtained  from  any  commercial 
magnet  wire  for  lengths  between  100  and  10  000  ft.,  wound  into 
coils  without  iron  cores.  They  also  furnish  information  as  to  the 
necessary  dimensions  of  the  coil,  and  of  the  number  of  its  turns. 
Other  charts  give  shape- factors  in  percentage  of  the  maximum 
inductance  that  coils  of  other  than  the  prescribed  maximum  shape 
will  produce  from  a  certain  length  of  conductor. 

The  equations  of  the  preceding  section  furnish  means  of  cal- 
culating the  information  needed  to  produce  these  charts.  When 
a  definite  size  of  wire  is  chosen  with  known  insulation,  inductance 
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5 

is  seen  to   vary    as  the  -5-  power  of   the  conductor  length,   as 

shown  by  equation  (17)  for  closely  wound  coils  of  the  prescribed 
maximum  sliape.  Upon  ordinary  coordinate  paper,  such  an  ex- 
ponential function  produces  a  curve  difficult  to  plot  with  exact- 
ness, while  with  logarithmic  coordinate  paper,  the  curves  become 
straight  lines,  whose  slope  is  determined  by  the  exponent.  Two 
points  determine  a  line,  and  single  points  then  determine  other 
lines,  since  they  must  be  parallel,  having  the  same  exponent. 

The  logarithmic  paper  chosen  for  the  inductance  charts  has 
four  "squares",  whose  horizontal  and  vertical  divisions  are  simi- 
lar to  the  upper  scale  of  the  ordinary  slide  rule,  starting  from 
unity  and  going  to  100.  In  all  charts,  except  the  shape  factor 
charts,  horizontal  divisions,  or  abscissas,  represent  thousands  of 
feet  of  conductor  length,  the  scale  running  from  0.1,  or  100  ft.,  to 
10,  or  10  000  ft.  Vertical  divisions  represent  different  quantities 
on  the  several  series  of  charts. 

The  first  series,  Fig.  11  to  14,  gives  inductance  directly  in 
henries  on  its  vertical  divisions,  or  ordinates,  the  bottom  line  in- 
dicating .01  henry,  the  middle  line,  .1  henry,  and  the  upper 
line  1  henry  with  intermediate  readings  between  as  on  a  slide 
rule. 

Since  inductance  depends  upon  the  compactness  of  the  wind- 
ing, the  thinner  the  insulation  upon  the  conductor  the  higher  the 
inductance.  Commercial  magnet  wires  have  various  insulations, 
and  different  charts  were  found  to  be  necessary  for  the  most  im- 
portant of  these.  Fig.  11a  and  lli^  are  for  double-cotton-covered 
wires;  Fig  12a  and  12&  for  double-silk-covered  wires;  other  pairs 
of  charts  are  13a  and  13&  for  single  silk,  and  14a  and  14b  for 
enamel  insulated  wire.  In  each  pair  of  charts,  one  has  lines  rep- 
resenting even  gauge  numbers  (B.  &  S.  gauge)  that  are  divisible 
by  four;  the  other  those  even  numbers  that  are  not  divisible  by 
four.  Odd  numbers  are  not  directly  represented,  but  may  be 
closely  estimated  as  between  the  adjacent  even  sizes. 

It  will  be  noticed  that  the  parallel  lines  representing  sizes,  4, 
8,  12,  16,  etc.,  are  not  always  in  normal  space  relation.  This  is  not 
due  to  an  error  in  making  charts,  but  to  the  fact  that  insulations 
are  not  progressive  like  gauge  numbers.  The  thickness  of  in- 
sulation upon  the  several  wire  sizes  was  taken  from  the  tables  of 
the  Standard  Handbook,  reproduced  as  Tables  VI,  VII,  VIII,  IX, 
X  and  XI,  and  the  same  thickness  of  cotton  or  silk  is  used  for 
several  sizes  of  wire,  when  there  is  a  sudden  change  to  another 
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thread,  causing  the  apparent  discontinuity  in  tlie  charts.      For 
paper-insulated  magnet  wire,  tlie  charts  for  single-silk  suffice. 

XXI.     Charts  for  Dimensions  and  Number  of  Turns 

To  wind  a  coil,  it  is  necessary  to  know  the  spool  dimensions, 
and  as  the  calculation  involves  cube-root,  as  shown  by  equation 
(16),  it  is  believed  that  the  series  of  dimension  charts,  Fig.  15a 
to  ISb,  will  prove  useful.  These  have  horizontal  dimensions 
representing  lengths  of  wire  in  feet  as  before,  and  vertical 
dimensions,  or  abscissas,  giving  the  value  of  c  directly  in  inches, 
c  is  the  thickness  of  the  winding;  1.2c  its  length;  2g  its  inner  di- 
ameter, these  dimensions  giving  all  spool  dimensions.  If  any  other 
shape  than  these  maximum  proportions  be  used,  it  will  be  neces- 
sary to  provide  somewhat  more  space  for  the  winding,  since  more 
wire  will  be  required  for  a  given  inductance. 

It  is  often  desirable  to  know  the  number  of  turns  that  a  coil 
will  have,  and  a  third  series  of  charts,  Fig.  19a  to  22b,  gives  this 
information  for  coils  of  prescribed  maximum  shape,  employing 
the  different  insulations  as  before.  Conductor  lengths  are  abscis- 
sas as  usual,  and  ordinates  give  directly  the  number  of  hundreds 
of  turns,  the  range  of  the  charts  being  from  100  to  10000.  For 
large  conductors,  it  may  be  necessary  to  adjust  dimensions  slightly 
to  accommodate  an  integral  number  of  turns  in  the  length  or 
thickness  of  the  winding.  A  moderate  change  in  the  number  of 
turns,  owing  to  such  adjustment,  makes  little  change  in  the  in- 
ductance.    Values  of  turns  were  determined  by  equation  (21). 

Fig.  23  has  two  curves  upon  it,  to  illustrate  the  use  of  the 
charts  both  for  inductance  and  number  of  turns.  The  two  lines 
concern  No.  24  single-silk-covered  wire.  Thus  to  get  0.1  henry 
of  inductance,  890  ft.  of  this  wire  are  required  (1.15  lb.),  and  the 
coil  will  have  1420  turns.  The  coil  dimension,  c,  is  obtained  from 
Fig.   17a. 

It  may  be  necessary  to  find  values  beyond  the  range  of  the 
charts.  The  lines,  being  straight,  may  be  extended  as  indicated 
upon  Fig.  23.  In  the  lower  right-hand  corner,  is  the  extension  of 
the  inductance  line,  so  that,  for  example,  8000  ft.  will  produce  4 
henries  of  inductance.  For  the  extension,  inductance  values  are 
multiplied  by  100,  and  readings  are  therefore  in  the  whole  num- 
ber henries,  hence  4  in  this  case.       Equation  (18)  shows  that  L 

varies  with  the  -^  power  of  length  of  any  given  conductor,  and 

it  is  convenient  to  know  that  4^  =  10  almost  exactly,   so    that 


32  ILLINOIS   ENGINEERING   EXPERIMENT   STATION 

the  value  for  8000  ft.  could  have  been  obtained  from  the  chart 

unextended,  by  reading  the  inductance  for  2000  ft.  as  0.4  henry, 

and  multiplying  it  by  10. 

In  a  similar  way  the  number-of-turns  line  can  be  extended. 

A  backward  extension  is  shown  in  the  lower  left-hand  corner. 

2 
Turns  vary  with  the  -r^  power  of  length,  hence  8  times  the  length 
'J 

gives  4  times  the  turns  for  same  shape  of  coil. 

XXII.     Shape-factor  Charts 

Two  charts,  Pig.  24  and  25,  as  well  as  small  scale  duplicates, 
Fig.  24a  and  25a,  are  provided  to  indicate  the  percentage  of  maxi- 
mum inductance  that  a  coil  of  any  shape  will  give.  As  there  are 
three  variables  involved  in  a  winding:  radius,  length  and  thick- 
ness, it  is  difficult  to  show  this  in  a  simple  way.  Parallel  curves 
represent  different  winding  sections.    On  Fig.  24,  these  are  marked 

1.2,    2,    5,    10,    20,    50,    100,    and  500,  for  values  of  — .        The 

larger  numbers,  such  as  100,  and  500  will  generally  re- 
present single-layer  windings  of  100,  or  500  turns;  the  smaller 
figures  will  generally  be  multilayer  coils;  thus,  5  might  repre- 
sent two  layers  of  10  turns  each,  5  layers  of  25  turns  each,  or  any 

such  ratio.     The  curve  for  —  =  1.2  includes  the  maximum  value 

c 

100  per  cent  where  —  =1.25.     Fig.  24  includes  all  coils  whose 

axial  length,  b,  exceeds  thickness,  c,  while  Fig.  25  includes  square 

section  coils,  —- —  1,  and  all  coils  where  c  exceeds  t*.  Whole  num- 

0 

/J 
bers  are  attached  to  the  curves,  the  ratio  being  inverted  to  —  to 

avoid  fractions  in  Fig.  25,  which  includes  all  disk-shaped  coils. 

The  curve  -7-  =  1  is  for  all  single  turns,  as  well  as  for  those  whose 
0 

turns  per  layer  are  equal  to  the  number  of  layers,  assuming  that 
round  wire  is  used,  and  no  allowance  made  for  bedding. 

Logarithmic  paper  is  again  used,  as  it  is  easy  to  read,  and 
covers  a  wide  range.  It  also  avoids  the  employment  of  reversed 
curves.  The  shape-factor  charts  have  horizontal  divisions,  or  ab- 
scissas, representing  ratios  of  —  throughout.  In  Fig.  24  — - 
runs  from  .01  to  100,  and  in  Fig.  25  from  .1  to  1,000.      Ordinates 
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represent  percentages  from  1  to  100,  most  coil  portions  giving 
more  than  10  per  cent  of  the  maximum  inductance  as  would  be  ex- 
pected.    To  find  the  percentage  ratio  of  a  coil  whose  section  is 

4 
not  represented,  such   as  —-;  its  value  may  be  estimated  from 

the  curve  representing  — . 

The  abrupt  ending  of  the  lines  at  the  left  indicates  the  point 
where  the  coil  space  is  entirely  occupied  with  wire,  or  where  the 

hole  ceases  to  exist.    For  example,  in  Fig.  24  the  line  for  —  =5 

c 

ends     at     —   =0.1.     These  proportions  are   all  relative,    and 

value  e=2;  b  —  10;  a~  1,  fit  the  case  at  this  terminal  point.  In 
order  to  have  the  mean  radius,  a,  half  the  thickness  of  the  wind- 
ing, since  1  is  half  of  2,  the  winding  must  come  down  to  the  axis 
of  the  coil,  and  any  further  decrease  of  radius,  which  could  be 
represented  by  a  continuation  of  the  curve  to  the  left,  is  impos- 
sible. At  this  terminal  point,  any  length  of  wire  wound  into  a 
solid  coil  would  have  62  per  cent  of  the  maximum  inductance,  and 
if  the  0  to  1  section  were  retained,  the  same  length  of  wire  would 

have  86  per  cent  at  — -  =  .8,  for  which  ratios  the  proportions 

c  =  1,  D  =  5,  a  =  4,  in  which  the  coil  has  a  central  hole  of  diame- 
ter 7,  give  the  same  volume  of  winding  as  the  solid  coil  above 
mentioned. 

In  Fig.  25,  the  chart  for  disk-shaped  coils,  the  lines  rep- 
resenting various  winding  sections  intersect.  If  the  abscissas 
were  based  upon  the  ratio  of  a  to  c,  there  would  be  no  intersec- 
tions. In  disk  coils,  the  value  of  c,  the  thickness  is  more  import- 
ant than  that  of  b,  the  axial  length,  but  it  was  thought  best  to 
use  the  same  ratio  for  the  abscissas  in  both  charts,  Fig.  24  and  25, 
to  avoid  confusion  in  readings. 

To  find  the  inductance  of  any  coreless  coil,  the  maximum  in- 
ductance charts  give  direct  readings  of  the  inductance  that  it  is 
possible  to  obtain  from  a  given  length  of  wire,  while  charts  24 
and  25  show  the  percentage  of  that  maximum  that  the  actual 
shape  of  the  coil  permits;  hence  the  product  of  the  two  readings 
gives  the  inductance  of  any  coil  whatever,  whose  dimensions  are 
known.  The  same  inform  ition,  without  calculation,  is  thus  avail- 
able, that  the  universal  formulas  (5)  or  (6)  give. 
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XXIII.     Illustrative  Examples 

To  liad  the  inductance,  L,  of  320  turns  of  No.  11  d.  c.c.  mag- 
net wire,  wound  into  a  four-layer  solenoid,  whose  dimensions  are 
a  =  2.5,  b  =  S,  and  c  =  0.4  in.  The  length  of  conductor  is 
therefore  419  ft.,  and  since  the  charts  do  not  directly  indicate  odd 
sizes,  find  the  maximum  inductance  of  419  ft.  of  No.  10  wire  from 
Fig.  11a,  as  0.0095  henry,  and  of  the  same  length  of  No.  12 from 
Fig.  lib  as  0.0115,  and  assume  the  mean,  0.0105,  as  the  value 
for  No.  11  when  wound  for  maximum  inductance. 

For  the  shape  indicated,  find  the  shape-factor  by  referring 

b         8 
to  Fig.  24  and  as  indicated  by  curve  marked  20,  which  is  —  =  ^r— , , 

and  read  the  factor  .57  as  the  ordinate  of  this  curve  at  value  -— 

=  0.31.  57  per  cent  of  .0105  is  .006,  or  6  milhenries,  the  induct- 
ance value  sought. 

It  may  be  noted  that  this  assumed  coil  has  twice  the  linear 
dimensions  of  the  coil  of  line  3  of  Table  5,  and  therefore  8  times 
the  weight  and  conductor  length.     Now  for  the  same  coil  shape, 

5  5 

inductance  varies  as  the  —  power  of  conductor  length.       The  -^ 

power  of  8  is  32,  and  the  tabular  value  of  inductance  of  No.  3 
coil,  .186,  multiplied  by  32,  gives  5.95  milhenries,  agreeing 
with  the  chart  value  already  found,  and  checking  its  essential  ac- 
curacy. 

As  another  example,  let  it  be  desired  to  design  a  coreless  coil 
to  produce  30  ohms  reactance  at  60  cycles,  employing  No.  10  d.c.c. 
magnet  wire.  Fig.  6  shows  that  30  ohms  at  60  cycles  is  ob- 
tained from  .08  henry  of  inductance;  Fig.  lla  gives  1500  ft.  of 
No.  10  for  .08  henry,  if  wound  into  the  maximum-inductance 
shape;  and  Fig.  15a  gives  the  dimensions:  r  =  2.75,  a  =  4.12,  b 
=  3.30  and  c  =  2.75  in.,  prescribing  the  coil  and  conductor  dimen- 
sions. If  the  number  of  turns  is  desired.  Fig.  19a  gives  N'  =730 
as  the  number  of  turns. 

If  there  is  a  restriction  upon  the  coil  dimensions,  for  example, 
that  the  inner  radius,  r,  of  the  coil  cannot  be  less  than  8  in.,  and 
that  the  axial  length  of  coil  must  be  1  in.,  the  following  approxima- 
tion method  will  determine  the  greater  amount  of  wire  required. 
The  restrictions  make  the  coil  disk-shaped,  and  Fig.  25  will  indi- 
cate the  percentage  factor  for  the  less  advantageous  shape.  To  use 
Fig.  25,  a  is  required,  and  «  =  r  +  .5  c,  but  c  is  to  be  determined 
also.     As  a  first  approximation,  take  c  =  4,  when  a  =  10,  with  & 
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given  =  1;  then  y-  =  10,  and  -—  =  4.      The  curves  of  Pig.  25  rep- 

resent    directly    -—  =  2  and  -—=5.  The  values  for  -—  =  4  will 
b  b  b 

fall  between  these  curves,  and  as  they  intersect  near  the  abscissa 

10,  no  interpolation  is  required,  and  the  shape-factor  is  read  off 

as  .75. 

To  obtain  0.08  henry  will  therefore  require  as  much  wire 

08 
as  would  produce  ^-^^  =  .  1067  henry  inductance  if  wound  into  the 

prescribed  shape.  Fig.  11a  shows  that  1750  ft.  of  No.  10  wire 
will  be  required,  and  Pig.  15a  gives  its  coil  dimensions  as  a'  =  4.35, 
b'  =3.48,  and  c'  —  2.9,  from  which  a'  b'  c'  =44.  The 
volume  constant,  abc,  for  the  approximate  dimensions  assumed, 
is  40,  showing  that  the  assumed  dimensions  are  10  per  cent  too 
small  to  contain  the  1750  ft.  of  wire.  Since  ?'  and  b  are  restricted, 
c  alone  can  be  increased,  but  as  increasing  c  also  affects  a  to  a  less 
degree,  it  is  not  required  to  increase  c  10  per  cent,  but  8  per  cent 
only,  making  the  revised  values  as  follows:  a"  =  10.16,  &"  =1, 
c"  =  4.32,  and  their  product,  a"b"c"  =  44. 

Referring  again  to  Pig.  25,  for  determining  any  change  in  the 

c  a 

shape-factor   for——  =4.32,  and  -—  =  10.16,  it  is  seen  that  no 

appreciable  change  has  occurred,  and  the  1750  ft.  of  No.  10  wire 
are  sufficient.  If  a  noticeable  difference  has  arisen,  a  second 
approximation,  and  further  use  of  the  charts  as  before  would  be 
advisable. 

In  using  logarithmic  charts  by  interpolation,  it  is  well  to  note 
that  it  should  be  done  by  logarithmic  differences,  which  vary 
slightly  from  ordinary  proportion. 

XXIV.      Weights  and  Reactance-resistance  Ratios 

If  it  be  assumed  that  equal  weights  of  wire  occupy  the  same 
space,  true  of  bare  wire,  and  approximately  true  of  insulated  wire, 
then  equation  (14)  shows  that  equal  weights  of  wire  produce  in- 
ductance in  proportion  to  the  square  of  the  conductor  length. 
Thus  a  given  weight  of  No.  13  magnet  wire  would  have  twice  the 
length  and  yield  four  times  the  inductance  that  the  same  weight 
of  No.  10  would  give.  It  is  seen  that  inductance  is  more  cheaply 
obtained  from  small  wires,  and  that  the  smallest  wire  that  it  is 
safe  to  use  should  be  employed 
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For  equal  weights,  resistance  also  varies  as  the  square  of  the 
length  of  the  conductor,  so  the  ratio  of  inductance  to  resistance 
is  practically  constant  for  a  given  weight  of  wire,  regardless  of 
its  size,   provided  the  coil  is  wound  for  maximum  inductance. 

Therefore  the  time  constant,  the  value  of  — - ,    depends  upon  the 

K 

weight  of  the  coil  for  maximum  shaped  coils. 

Prom  another  equation  (17),  it  is  seen  that  with  definite  sized 

wire,    inductance   increases  with    the  -3-  power  of  the    conduc- 

tor  length.     Resistance  increases  directly  with  length,  therefore 

2 
the   ratio  of   the  two  increases  with  the  -^    power    of     the     in- 

crease  in  length,  or  of  weight,  since  weight  and  length  increase 
together.  A  definite  ratio  of  reactance  to  resistance  requires  a 
nearly  definite  weight  of  wire,  independent  of  the  size  of  the  con- 
ductor. Thus  0.5  lb.  of  wire  will  produce  a  reactance  at  60  cycles 
equal  to  its  resistance  in  ohms,  while  a  coil  weighing  1000  times 
as  much,  or  500  lb.  will  produce  a  reactance  that  is  100  times  as 
great  as  its  resistance,  since  100  =  1000'.  As  a  specific  ex- 
ample, 0.5  lb.  of  No.  14  wire  has  a  reactance  and  a  resistance  of 
about  0.1  ohm,  while  the  500  lb.  will  give  10  000  ohms  of  reactance, 
and  100  ohms  of  resistance.  This  ratio  of  reactance  to  resistance 
of  100,  giving  a  lag  angle  of  89.5°  if  connected  at  its  terminals  to 
an  alternating  electromotive- force  may  be  considered  nearly  pure 
reactance,  as  the  resistance  is  negligible  in  comparison. 

TABLE  6. 

Estimate  of  Coil  Weights  for  Certain  Ratios  of  Reactance  to 

Resistance  Coils  To  Be  Close-wound  in  the  Prescribed 

Shape    for  Producing    Maximum  Inductance. 


X 

Latr  Ansrle 

WEIGHT  OF  COPPER  IN  LB. 

~B~ 

25  Cycles 

60  Cycles 

300  Cycles 

1. 
2.5 
6. 
10. 

100. 

45 
68 
80 
84 
89.5 

2. 

7.5 
30. 
60. 
1860. 

0.5 
2. 
8. 
16. 

500. 

.045 
.18 

K44 

45. 

This  table  is  not  applicable  to  spaced  coils,  which  it  may  be 
necessary  to  use  in  order  to  obtain  sufficient  insulation  between 
turns. 
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The  table  above  gives  the  results  of  a  rough  estimate  of  the 
weights  of  wire  required  for  the  various  ratios  of  reactance, 
X  —  2t/L,  to  resistance,  /.',  of  maximum  inductance  coreless  coils 
wound  with  wire  of  any  size.  The  estimate  is  necessarily  rough, 
since  the  weights  will  vary  slightly,  increasing  for  the  finer 
sizes  of  wire. 

XXV.     Ratings  of  Coils 

There  is  no  established  rating  for  inductance  coils.  Since 
the  object  of  such  coils  is  usually  to  offer  as  much  reactance  as  pos- 
sible, the  volt-ampere  or  kilovolb-ampere  rating  should  be  adopted. 
The  rating  is  then  the  value  olI'X,  and  the  indefinite  factor  is 
the  current,  I,  since  it  is  a  matter  of  judgment  how  much  current 
a  certain  conductor  may  safely  carry,  depending  upon  the  condi- 
tions of  operation.  If  a  definite  density  is  selected,  the  rating  is 
determined  when  the  coil  dimensions  are  known.  This  rating 
corresponds  to  the  resistance  rating  in  I'^R  units,  which  are  watts. 
For  a  definite  current  density,  l^Il  varies  directly  with  weight, 

while    l^X     varies   with   the  -^  power  of   weight,  as  explained 

in  the  preceding  paragraph,  the  current  being  fixed  by  the  size  of 
the  conductor.  Hence  the  rating  of  a  reactance  coil  increases 
much  more  rapidly  than  a  resistance  coil,  as  conductor  length  in- 
creases. 

The  cost  per  kilo  volt- ampere  diminishes  with  increasein  size 
of  coil.  Thus,  a  coil  of  No.  14  wire  having  a  weight  of  16  lb.  has 
a  reactance  of  about  32  ohms  at  60  cycles,  and  costs,  at  20  cents 
per  lb.  for  copper,  $3.20.  The  rating,  fX,  is  3.2  kilovolt- 
amperes,  if  10  amperes  be  employed,  making  the  cost  $1  per  kilo- 
volt-ampere.  Using  the  same  size  wire  in  the  500  lb.  coil,  the 
reactance  is  10  000  ohms,  the  I^X  rating  1000  kilovolt-amperes, 
and  the  copper  costs  but  $100,  or  10  cents  per  kilovolt-ampere. 
At  25  cycles,  the  weight  of  coil  is  nearly  one  ton  before  the  cost 
per  kilovolt-ampere  is  reduced  to  10  cents. 

The  diminishing  cost  of  copper  per  kilovolt-ampere  for  reac- 
tance may  be  compared  with  the  constant  cost  of  copper  per  kilo- 
watt for  resistance.  Using  the  same  current  density  and  price  of 
copper  per  pound,  the  cost  is  uniformly  $10  per  kilowatt  of  I^B. 
The  extravagance  of  resistance  control  of  alternating  current  is 
evident. 

The  rapid  gain  in  the  rating  of  coreless  reactance  coils  with 
weight  thus  points  to  their  increased  use  in  engineering  work, 
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since  in  very  large  sizes  they  are  relatively  cheap,  and  have  the 
great  advantage  of  absence  of  core  losses  as  compared  with  ferric 
reactances. 

XXVI.     Mutual  Inductance 

Mutual  inductance  may  sometimes  be  ascertained  through 
self  inductance  calculations.  Mutual  inductance  may  be  defined 
as  the  inductive  influence  of  one  coil  or  circuit  upon  another. 
Thus  if  a  coil  be  thought  of  as  consisting  of  two  half-coils,  each 
half  has  mutual  inductance  with  respect  to  the  other  half  as  well 
as  its  own  self-inductance.  The  self  inductance  of  the  whole  coil 
will  then  be  equal  to  the  sum  of  the  mutual  inductances  of  the 
half  coils  added  to  their  own  self  inductances.  If,  however,  the 
two  halves  be  connected  in  opposition,  the  mutual  inductances  are 
opposed  to  the  self-inductances,  and  the  combined  self-induc- 
tance is  equal  to  the  difference  between  the  self  and  mutual 
inductances.     Expressed  in  symbols  these  facts  are  as  follows: — 

(22)  X  =  I/i  +  i.2  +  2  M,  when  the  coils  are  in  series. 

(23)  i>o  ^  Z>i  +  L.J  —  2  M,  when  the  coils  are  in  opposition. 

As  thus  expressed,  these  formulas  are  not  confined  to  equal 
halves  of  a  single  coil,  but  are  general,  where  Li  and  L.,  are  the 
self- inductances  of  the  two  parts,  and  M  their  mutual  inductance. 
io  is  the  combined  inductance  of  the  parts  in  opposition,  while  L 
is  their  self-inductance  in  series. 

When  Zi  and  L^  are  such  parts  of  one  coil  that  together  they 
make  a  close- winding,  the  formulas  of  this  bulletin  or  the  charts 
may  be  used  in  obtaining  their  values,  when  the  above  equations 
will  give  the  mutual  inductance  of  one  part  upon  the  other. 

If  a  winding  have  a  square  section,  the  mutual  inductance  of 

real  or  imagined  halves,   side  by  side,  is  substantially  equal  to 

that  of  two  halves  one  within  the  other.     Mutual  inductance  can 

never  exceed  25  per  cent  of  Z,  the  self -inductance  of  the  whole 

coil.     Highest  values  of  mutual   inductance  occur  when  the  two 

parts  make  nearly  the  maximum  prescribed  shape;  although  if  a 

h         2 
disk-shaped   coil    where  —  =  -t"  is    divided    into    two   thinner 

c         4 

disks,  side  by  side,  each  having  a  section —  =  — ;-;  or   a   short 

c         4 

h         4 
thick  tube   having   the     section    proportions —  =  -^,    and    the 

two  half  coils  are  the  inner  and  outer  layers  of  this  short  tube, 
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the  value  of  .1/  will  be  found  to  be  slightly  greater  than  if  a  square 
section  coil  be  divided  into  two  halves  either  transversely  or 
longitudinally. 

It  should  be  noted  that  15  per  cent  to  20  per  cent  of  a  large 
value  of  L  may  give  a  greater  value  of  M  than  25  per  cent  of  a 
small  value  of  /.;  and  that  a  minimum  value  of  X^  does  not  coincide 
with  the  high  values  of  31.  It  is  possible  to  extend  the  calcula- 
tion of  mutual  inductances  by  self- inductance  formulas  to  coils 
not  contiguous  by  having  or  assuming  a  coil  to  fill  the  gap  be- 
tween,— a  method  described  in  the  Bureau  of  Standards,  Bulletin 
Vol.  V.  No.  1,  page  20. 

It  seems  to  be  advantageous  in  transformers  to  make  the  two 
coils  constituting  the  primary  and  secondary  windings  have  as 
high  a  mutual  inductance  as  possible,  independent  of  the  action 
of  the  core,  in  order  that  the  weight  of  the  core  may  be  reduced, 
especially  in  the  very  large  transformers  that  are  now  being 
built. 

In  very  large  reactance  coils  without  cores,  where  the  actual 
flux  density  within  the  coil  attains  values  approaching  those  with 
weak  iron  magnetic  circuits,  the  mechanical  stresses  due  to  sud- 
den short-circuits  are  but  little  appreciated.  It  will  be  necessary 
to  build  such  coils  substantially,  and  to  use  spaced  windings  for 
this  purpose,  even  if  not  required  for  insulation.  That  such  coils 
will  have  an  increasing  use  is  probable,  especially  when  it  is 
realized  that  the  cost  per  kilovolt- ampere  decreases  so  rapidly 
with  increase  of  rating,  making  the  cost  of  very  large  coils  com- 
parable with  cored  coils,  to  which  they  are  in  many  respects  so 
superior. 

Owing  to  the  increasing  use  of  non-ferric  coils,  there  is  a 
demand  for  convenient  data  concerniag  their  characteristics,  for 
definite  knowledge  of  their  most  effective  shape,  and  for  a  simple 
method  of  determining  their  inductive  reactance.  It  is  hoped 
that  the  information  herein  presented  will  facilitate  the  construc- 
tion and  utilization  of  such  coils  i^  every  branch  of  electrical 
«ngineering. 
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XXVII.     Tables  and  Charts 


TABLE  7 

Diameters  of  Cotton  Covered  Wire* 

(Standard  Underground  Cable  Co.) 


Size 

Diameter  in  Mils 

B  &  S 

Bare 

S.  0.  C. 

D.  C.  C. 

T.  C.  C. 

S.  S.  C. 

D.  S.  C. 

0000 

460 

469 

478 

487 

462 

464 

000 

410 

419 

428 

437 

412 

414 

00 

365 

374 

383 

392 

367 

369 

0 

385 

334 

343 

352 

327 

329 

1 

289 

298 

307 

316 

391 

293 

2 

258 

267 

276 

285 

260 

262 

3 

229 

238 

247 

256 

231 

233 

4 

204 

213 

222 

231 

206 

208 

5 

182 

191 

200 

209 

184 

186 

6 

162 

170 

178 

186 

164 

.166 

7 

144 

152 

160 

168 

146 

148 

8 

128 

135 

142 

149 

130 

132 

9 

114 

120 

126 

132 

116 

118 

10 

102 

107 

112 

117 

104 

106 

11 

91 

96 

101 

106 

93 

95 

12 

81 

86 

91 

96 

83 

85 

13 

72 

77 

81 

87 

74 

76 

14 

64 

69 

74 

79 

66 

68 

*  Reprinted  by  permission  from  Standard  Handbook- 
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TABLE  8 
Thickness  of  Cotton  and  Silk  Insulation* 


Size 

Thickness  ol  Insulation  in  Mils 

B&S 

s.c.c. 

D.C.C. 

T.C.C. 

S.S.C. 

D.S.C. 

Makert 

0000-5 

6-7 

8 

4.5 
4.0 
3.5 

9.0 
8.0 
7.0 

13.5 

12.0 
10.5 

1.0 
1.0 
1.0 

2.0 
2.0 
2.0 

R.S.U. 

0 

10-12 
13-19 

3.0 
2.5 
2.25 

6.0 
5.0 
4.5 

9.0 
7.5 
7.75 

1.0 
1.0 
1.0 

2.0 
2.0 
2.0 

R 

13-32 
14-15 
16-18 

2.5 
3.0 
2.5 

4.5 
5.0 
4.0 

7.0 
7.0 

1.0 

2.0 

S.U. 
G.E. 

19-ae 

23-25 

20-40 

2.0 
2.0 
2.0 

4.0 
4.0 
4.0 

6^6 

i!5 

1.0 

3;6 

2.0 

R 

26-28 
89-34 
32-36 

2.0 
2.0 

4.0 

4.0 

1.5 
1.2 

0.87 

3.0 
2.5 
1.75 

G.E. 

S.U. 

35-40 

2.0 

4.0 

1.0 

2.0 

G.E. 

♦Reprinted  by  permission  from  Standard  Handbook. 

tR=RoebUng's  Sons  Company. 

S.U.=Standard  Underground  Cable  Company. 

G.E.=  General  Electric  Company. 

NoTE:-Diameter  overall  =  diameter  bare -(- 2  (thickness  of  insulation). 
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TABLE  9 

Diameter  of  Small,  Sizes  of  Magnet  Wire* 

(General  Electric  Co.) 


Size 


Diameter  in  Mils 


B&S 


Bare  S.C.C.         D.C.C.  S.S.C.         D.S.C.        Enamel 


14 
15 
16 

64 
57 
51 

70 
63 
56 

64 
67 
59 

67 
60 
53.5 

17 
18 
19 

45 
40 
36 

50 
40 

53.0 

48 

44 

47.5 

42 

37 

20 
21 
22 

32 

28 
25 

36 
32. 5 
29.4 

40 

36.5 

33.4 

34 

30.5 

27.5 

23 
24 
25 

23 

20 
18 

26.5 
24.1 
22 

30.5 

28 

26 

26 
23 

21 

29 
26 
24 

25 

22 

20 

26 
27 
28 

16 
14 
13.6 

20 
18 
16.6 

24 
22 
20. 6 

19 

17 
15.6 

22 

20 
18.6 

17.5 
15.5 
14 

29 
30 
31 

11 
10 
9 

15.3 

14 

13 

19.3 

18 
17 

14 

12.5 

11.4 

17 
15 
13.9 

13.3 
11.3 
10.2 

32 
33 
34 

8 
6.3 

11.9 
11.0 
10.3 

15.9 

15 

14.3 

10.5 
9.5 
8.8 

13 
12 
11.3 

9.2 
8.2 
7.3 

35 
36 
38 

5.6 

5 

4.5 

9.6 

8.5 

13.6 
12 

7.6 

7 
6 

9.6 
9.0 

8 

6.8 
6.2 
5.2 

40 

4 

5 

7 

4.2 

♦Reprinted  by  permission  from  Standard  Handbook. 
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TABLE  10 

Weights  of  Small,  Sizes  of  Magnet  Wire* 

(General  Electric  Co.) 


Size 

Weight  in 

Pounds  per  1000  Feet. 

B  &S 

S.C.C. 

D.  C.  C. 

S.  S.  C. 

DSC. 

Enamel 

14 
15 
16 

12.684 

10.082 
8.012 

12.918 
10.274 
8.176 

12.684 
10.053 
7.973 

17 
18 
19 

6  375 

5.081 
4.043 

6.510 
5.188 
4.130 

6.322 
5.009 
3.966 

to 

21 
22 

3.215 
2.569 
2. 055 

3.289 
2.628 
2.106 

3.136 
2.475 
1.970 

S3 
24 
25 

1.630 
1.297 
1.036 

1.676 
1.344 

1.082 

1.57 

1.241 

.991 

1.604 
1.298 
1.040 

1.555 
1.232 

.980 

S6 
27 
28 

.828 
.661 
.524 

.873 
.703 
.562 

.791 
.631 
.499 

.833 
.666 
.521 

.777 
.616 
.485 

19 
30 
31 

.421 
.336 
.271 

.457 
.372 

.307 

.397 
.315 
.J54 

.416 
.332 
.267 

.384 
.303 
.242 

32 
33 
34 

.215 
.174 
.141 

.248 
.201 
.161 

.203 
.161 
.130 

.214 
.172 
.140 

.192 
.152 
.121 

35 
36 
38 

.12 
.099 

.137 
.112 

.110 

.089 
.058 

.119 
.096 
.065 

.101 
.081 
.051 

40 

.037 

.040 

.031 

♦Reprinted  by  permission  from  Standard  Handbook. 
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TABLE  11 
Space  Occupied  by  Magnet  Wires  * 


Turns  per  Inch 


B.&S. 

S.C.C. 

D.C.C. 

s.s.c. 

D.S.C. 

Enamel 

14 

14 

13 

14 

15 

15 

14 

16 

16 

17 

16 

18 

17 

20 

18 

21 

18 

22 

20 

23 

19 

25 

22 

27 

20 

27 

25 

29 

21 

30 

27 

32 

22 

34 

SO 

36 

23 

37 

32 

38 

34 

40 

24 

41 

35 

43 

38 

45 

25 

45 

38 

47 

41 

50 

26 

50 

41 

52 

45 

57 

27 

55 

45 

58 

50 

64 

28 

60 

48 

64 

53 

71 

29 

65 

51 

71 

58 

81 

30 

71 

55 

80 

66 

88 

31 

76 

58 

87 

71 

104 

32 

84 

62 

95 

76 

120 

33 

90 

66 

105 

83 

130 

34 

97 

69 

110 

88 

140 

35 

104 

73 

130 

104 

160 

36 

117 

82 

140 

110 

190 

38 

160 

120 

40 

200 

140 

230 

♦Reprinted  by  permission  from  Standard  Handbook. 
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TABLE  12 

Space  Occupied  by  Magnet  Wires* 


Turns  per  Sq.  In. 


B.&S. 

s.c.c. 

D.C.C. 

s.s.c. 

D.S.C. 

Enamel 

14 
15 
16 

204 
252 
318 

182 
223 

281 

222 

278 
350 

17 
18 
19 

400 
495 
625 

356 
435 
516 

443 

567 
692 

20 
21 
22 

775 
948 
1150 

625 
752 
896 

865 
1070 
1320 

23 
24 
25 

1420 
1720 
2060 

1070 
1270 
1480 

1480 
1890 
2270 

1190 
1480 
1740 

1600 
2060 
2500 

26 
27 
28 

2500 
3080 
3620 

1740 
2060 
2360 

2770 
3460 
4100 

2060 
2500 
2890 

3260 
4160 
5100 

29 
30 
31 

4270 
5100 
5920 

2680 
3080 
3460 

5100 
6410 
7690 

3460 
4440 
5180 

6600 
7830 
9610 

32 
33 
34 

7070 
8260 
9440 

3970 
4440 
4900 

9090 
11000 
12900 

5920 
6940 

7820 

11800 
14800 
17700 

35 
36 
38 

10800 
13000 

5400 
6940 

17380 
20-100 
2770J 

10800 
12300 
15600 

21600 
26000 
37000 

40 

40000 

20400 

54000 

♦Reprinted  by  permission  from  Standard  Handbook. 
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(D.  S.  C.)  Magnet  Wire  of  Even  Gauge  Numbers 

Coil  without  Iron;  or  for  Finding  the  Inductance  in  Henries  of  any  Length 
of  Wire  When  Wound  into  the  Prescribed  Maximum-Inductance  Shape. 
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Fig.  13a  and  136  Apply  to  Stngle-Silk-Covered 

Charts  for  Determining  the  Length  of   Magnet  Wire  When  Wound 
into  the  Most  Economical  Shape  for  Producing  a  Given  Inductance,  L,  in  a 
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(S.  S.  C.)  Magnet  Wire  of  Even  Gauge  Numbers 

Coil  without  Iron:  or  for  Findng  the  Inductance  in  Henries  of  Any  Length 
of  Wire  When  Wound  into  the  Prescribed  Maximum-Inductance  Shape. 
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Fig.  14a  and  \\h  Apply  to  Enamel-Covered 

Charts  for  Determining  the  Length  of   Magnet   Wire   When   Wound 
into  the  Most  Economical  Shape  for  Producing  a  Given  Inductance,  i,  in  a 
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Magnet  Wire  of  Even  Gauge  Numbers 

Coil  without  Iron;  or  for  Finding  the  Inductance  in  Henries  of  any  Length 
of  Wire  When  Wound  into  the  Prescribed  Maximum-Inductance  Shape. 
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Fig.  15a  and  15&  are  Charts  for  Indicating  the  Inner  Radius,  r, 
OF  Coils  of  Prescribed   Maximum-Inductance  Shape  Wound  with 

Other  Coil  Dimensions  Are  Then  Proportional: 
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Any  Length  of  Double-Cotton-Covered  (D.  C.  C.)  Magnet  Wire  of 
Even  Gauge  Numbers 

a—\.h  r\  h  =  \."l  r;  c—r.     (See  section  XXI.) 
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Fig.  16a  and  16&  are  Charts  for  Indicating  the  Inner  Radius,  r, 
OF  Coils  of  Prescribed  Maximum-Inductance  Shape  Wound  with  Anit 

Otlier  Coil  Dimensions  Are  Then  Proportional: 
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Length  of  Double-Silk-Covered  (D.  S.  C.)    Magnet  Wire  of  Even 
Gauge  Numbers 

a=  1.5  r;  b=\.2r\  c=r.     (See  section  XXI.) 
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Fig.  17a  and  176  are  Charts  for  Indicating  the  Inner  Radius,  ri 
OF  Coils  of  Prescribed  Maximum-Inductance  Shape  Wound  with  Any 

Other  Coil  Dimensions  Are  Then  Proportional: 
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Length  of  Single-Sjlk-Covered  (S.  S.  C.)   Magnet  Wire  of  Even 
Gauge  Numbers 


a=1.5  7-;  &  — 1.2r;  c  =  r.    See  section  (XXI.) 
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Fig.  18a  and  18'j  ake  Charts  for  Indicating  the  Inner  Radius,  r, 
OF  Coils  of  Prescribed  Maximum-Inductance  Shape  Wound  with  Any 

Other  Coil  Dimensions  Are  Then  Proportional: 
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Length  of  Enamel-Covered  Magnet  Wire  of  Even  Gauge    ]!>ruMBERS 
a=1.5  7-;  6  =  1.2r;  c  —  r.    (See  section  XXI.) 
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Fig.  19a  and  19&  are  Charts  for  Indicating  the  Number  ofHun- 
DBEDS  OF  Turns  for  Coils  of  Prescribed  Maximum-Inductance  Shape 

Charb  Values,  Multiplied  by  100,  Give  N'  in  Formula  (20). 

The  Indicated  Number  of  Turns  is  Subject   to   Adjustment  for  Ob- 
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Wound  with  Any  Length  of  Double-Cotton-Covered  (  D.C.  C.)  Mag- 
net Wire  of  Even  Gauge  Numbers 

taining  Complete  Layers  of  the  Winding,  and   Is  Not  Directly  Serviceable 
for  Coils  of  Other  Shapes. 
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Fig.  20a 

Fig.  20a  and  206  are  Charts  for  Indicating  the  Number  op  Hun- 
dreds OF  Turns  for  Coils  of  Prescribed  Maximum-Inductance  Shape 

Chart  Values,  Multiplied  by  100,  Give  N'  in  Formula  (20). 

The  Indicated  Number  of  Turns  Is  Subject   to  Adjustment  for  Ob- 
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Wound  with  Any  Length  of  Double-Silk-Covered  (D.  S.  C.)  Magnet 
Wire  of  Even  Gauge  Numbers 

taining  Complete  Layers  of  the  Winding,  and  Is  Not  Directly  Serviceable 
for  Coils  of  Other  Shapes. 
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Fig.  21a 

Fig  21a  and  216  are  Charts  for  Indicating  the  IST umber  of  Hun- 
dreds OF  Turns  for  Coils  of  Prescribed  Maximum-Inductance  Shape 

Chart  Values,  Multiplied  by  100,  give  N'  in  Formula  (20). 

The  Indicated  Number  of  Turns  Is  Sabject  to  Adjustment  for  Ob- 
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Fig.  22a  and  Tlh  are  Charts  for  Indicating  the  Number  of  Hun- 
dreds OF  Turns  for  Coils  of  Prescribed  Maximum-Inductance  Shape 

Chart  Values,  Multiplied  by  100,  Give  N'  in  Formula  (20). 
Tlie  Indicated  Number  of  Turns  Is  Subject   to   Adjustment  for  Ob- 
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.6    .7    .8.91.0  2 

length  in  tbousands  feet 

Fig.  226 
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Wound  with  Any  Length  of  Enamel-Covered  Magnet  Wire  of  Even 
Gauge  Numbers 

taining  Complete  Layers  of  the  Winding  and    Is  Not  Directly  Serviceable 
for  Coils  of  Other  Shapes. 
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SaAPE-FAOTpR  ChAUT 

Solenoid  Type 

In  coreless  cylindrical  colls,  only  those  liavltig  llie  relaitive  propor- 
tiooR,  a  =  1.5,  &=  1,2,  c=  ],  (see  Fig.  5)  give  the  maximum  inductance, 
while  other  shapes  employ  the  conductor  less  effectively. 

Fig.  24  and  25  Indicate  the  shape  factor,  or  coefficient  for  reducing 
the  maximum  inductance  possible  from  any  conductor  to  its  actual  value 
when  wound  Into  other  than  the  prescribed  maximum  shape. 

Fig.  24  includes  all  cylindrical  windings,  whose  axial  length,  6,  ex- 
ceeds radial  thickness,  c,  mostly  solenoids.  Curves  apply  to  specified 
values  of  the  ratio,— ,  from  1.2  {which  Includes  the  maximum  shape)  to 
500  for  very  thin  shell  windings.  Points  at  left  Indicate  long  solenoids  and 
thick  tubes  of  relatively  small  radius;  while  points  at  the  right  give  values 
for  short  tubes  or  bands  of  large  radius.  For  ratios  of  — ,not  represented 
by  curves,  points  may  be  interpolated.  For  given  ratio  of  -^  as  abscissa, 
the  desired  factor  is  the  ordinate  of  the  curve  or  interpolated  point  for 
the  given  ratio  of—.    See  section  XXIll  for  illustrative  examples. 
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MUVJ  3JVIS 
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J   lauvj  tins 


Shape-Factor  Chart 
Disk  Type 

In  coreless  cylindrical  coils,  only  those  having  the  relative  propor- 
tions a  =1-5,  b  —  1.2,  and  c  =  l,  (see  Fi^.  5)  give  the  maximum  inductanpe, 
while  other  shapes  employ  the  conductor  less  effectively. 

Fig.  24  and  25  indicate  the  shape  factor,  or  coefficient  for  reducing 
the  maximum  inductance  possible  from  any  conductor  to  its  actual  value 
when  wound  into  other  than  the  prescribed  maximum  shape. 

Fig.  25  includes  all  cylindrical  windings,  whose  radial  thickness,  c, 
equals  or  exceeds  axial  length,  6.  mostly  rings  or  ''pancake",  coils.    Curves 


apply  t 


ntegral  values  of-^^  from    unity    for  singlt 


large  radius  and  usually  large  hole.    For  ratios  - 


1  turns  and  rings  of 
ils.  Points  at  left  In- 
lole;  at  right  indicate 
not     represented    by 


curves,  points  may  be  interpolated.  For  given  ratio  of-^as  abscissa,  the 
desired  factor  is  the  ordinate  of  the  curve  or  Interpolated  point  for  the 
given  ratio  of  -r-.    See  section  XXIII  for  illustrative  examples, 
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PUBLICATIONS  OF  THE  ENQINBERINQ  EXPERIMENT  STATION 

ALL  BULLETINS,  THE  TITLES  OF  WHICH  ARE  NOT  STARRED,  WILL  BE  SENT  FREE 

UPON  APPLICATION. 

'Bulletin  No.  1.  Tests  of  Reinforced  Concrete  Beams,  by  Arthur  N.  Talbot.  1904. 
Xone  available. 

*  Circular   No.    1.    High-Speed  Tool  Steels,  by  L.  P.  Breckenridge.    1905.    None  available 

*  Bulletin  No.  2.  Tests  of  High-Speed  Tool  Steels  on  Cast  Iron,  by  L.  P.  Breckenridge 
and  Henry  B.  Dirks,    1905,     None  available. 

'Circular   No,    S.    Drainage  of  Earth  Roads,  by  Ira  O.  Baker.    1906.    None  available . 

'Circular  No,  3.  Fuel  Tests  with  Illinois  Coal.  (Compiled  from  tests  made  by  the  Tech- 
nologic Branch  of  the  U.  S.  G.  S..  at  the  St,  Louis,  Mo..  Fuel  Testing  Plant,  1904-1907.)  by  L.  P. 
Breckenridge  and  Paul  Diserens.    1909.     Thirty  cents. 

'Bulletin  No.  3.  The  Engineering  Experiment  Station  of  the  University  of  Illinois,  by 
L.  P.  Breckenridge.    1906.    None  available . 

'Bulletin  No.  4.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1905,  by  Arthur  N. 
TalbDt.    1906.    Forty- five  cents. 

'Bulletin  No.  5.  Resistance  of  Tubes  to  Collapse,  by  Albert  P.  Carman.  1906.  Fifteen 
cents. 

'Bulletin  No.  6.  Holding  Power  of  Railroad  Spikes,  by  Roy  I.  Webber.  1906.  Thirty- 
five  cents. 

'Bulletin  No.  7.  Fuel  Tests  with  Illinois  Coals,  by  L.  P.  Breckenridge.  S.  W.  Parr  and 
Henry  B.  Dirks.    1906,    Thirty-five  cents. 

'Bulletin  No.  8.  Tests  of  Concrete:  I.  Shear;  II.  Bond,  by  Arthur  N.  Talbot.  1906 
None  available. 

'Bulletin  No.  9.  An  Extension  of  the  Dewey  Decimal  System  of  Classification  Ap- 
plied to  the  Engineering  Industries,  by  L.  P.  Breckenridge  and  G.  A.  Goodenough.  1906.  None 
available. 

'Bulletin  No.  10.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1906,  by 
Arthur  N.  Talbot.    1907.    None  available. 

'Bulletin  No.  11.  The  Effect  of  Scale  on  the  Transmission  of  Heat  through  Locomotive 
Boiler  Tubes,  by  Edward  C.  Schmidt  and  John  M.  Snodgrass.    1907.    Fifteen  cents. 

'Bulletin  No.  12.  Tests  of  Reinforced  Concrete  T-beams,  Series  of  1906,  by  Arthur  N . 
Talbot.    1907.    None  available. 

'Bulletin  No.  13.  An  Extension  of  the  Dewey  Decimal  System  of  Classification  Applied 
to  Architecture  and  Building,  by  N.  Clifford  Ricker.    1907.    Fifty  cefits. 

'Bulletin  No.  14.  Tests  of  Reinforced  Concrete  Beams,  Series  of  1906,  by  Arthur  N, 
Talbot.    1907.    None  available. 

'Bulletin  No.  15.  How  to  Burn  Illinois  Coal  without  Smoke,  by  L.  P.  Breckenridge.  1908 
Twenty-five  cents. 

'Bulletin    No.  16.    A  Study  of  Roof  Trusses,  by  N.  Clifford  Ricker.     1908.    Fifteen  cents. 

'Bulletin  No.  17.  The  Weathering  of  Coal,  by  S.  W.  Parr,  N.  D.  Hamilton,  and  W.  F. 
Wheeler.    1908.     Twenty  cents. 

'Bulletin  No.  18.  TheStrengthof  Chain  Links,  by  G.  A.  Goodenough  and  L.  E.  Moore. 
1908.    Forty  cents. 

'Bulletin  No.  19.  Comparative  Tests  of  Carbon,  Metallized  Carbon  and  Tantalum  Fila- 
ment Lamps,  by  T.  H.  Ararine.    1908.     Twenty-five  cents. 

'Bulletin  No.  20.  Tests  of  Concrete  and  Reinforced  Concrete  Columns,  Series  of  1907,  by 
Arthur  N.  Talbot.    1908.    None  available. 

'Bulletin  No.  21.  Tests  of  a  Liquid  Air  Plant,  by  C.  S.  Hudson  and  C.  M.  Garland.  1908. 
Fifteen  cents. 

'Bulletin  No.  22,  Tests  of  Cast-Iron  and  Reinforced  Concrete  Culvert  Pipe,  by  Arthur  N . 
Talbot.    1908.    Thirty-five  cents . 

'Bulletin  No-  23.  Voids,  Settlement  and  Weight  of  Crushed  Stone,  by  Ira  O.  Baker.  1908. 
Fifteen  cents. 

Bulletin  No.  24.  The  Modification  of  Illinois  Coal  by  Low  Temperature  Distillation,  by 
S.  W.  Parr  and  C.  K.  Francis.    1908.     Thirty  cents. 

Bulletin  No.  25.  Lighting  Country  Homes  by  Private  Electric  Plants,  by  T.  H. 
Amrine.    1908-     Twenty  cents. 

Bulletin  No.  26.  High  Steam-Pressures  in  Locomotive  Service.  A  Review  of  a  Report 
to  the  Carnegie  Institution  of  Washington,  by  W-  F.  M.  Goss.    1908.     Twenty-five  cents. 


*  Out  of  print;  price  attached. 


PUBLICATIONS  OF  THE  ENQINBBRINa  EXPERIMENT  ST \TlOt<i— (Continued) 

Bulletin  No,  27.  Tests  of  Brick  Columns  and  Terra  Cotta  Block  Columns,  by  Arthur  N. 
Talbot  and  Duff  A.  Abrams.    1909.     Thirty  cents . 

Bulletin  No.  28.  A  Test  of  Three  Large  Reinforced  Concrete  Beams,  by  Arthur  N. 
Talbot.    1909.    Fifteen  cents. 

Bulletin  JVo.  29.  Tests  of  Reinforced  Concrete  Beams:  Resistance  to  Web  Stresses, 
Series  of  1907  and  1908.  by  Arthur  N.  Talbot.    1909.    Forty-five  cents. 

Bulletin  No,  so.  On  the  Rate  of  Formation  of  Carbon  Monoxide  in  Gas  Producers,  by 
J.  K.  Clement.  L.  H.  Adams,  and  C.  N.  Haskins.    1909.     Twenty-five  cents. 

Bulletin  No.  31.  Fuel  Tests  with  House-heating  Boilers,  by  J.  M.  Snodgrass.  1909. 
Fifty-five  cents. 

Bulletin  No.  32.  The  Occluded  Gases  in  Coal,  by  S.  W.  Parr  and  Perry  Barker.  1909. 
Fifteen  cents. 

Bulletin  No.  33.  Tests  of  Tungsten  Lamps,  by  T.  H.  Amrine  and  A.  Guell.  1909. 
Thventy  cents. 

Bulletin  No.  34.  Tests  of  Two  Types  of  Tile  Roof  Furnaces  under  a  Water-tube  Boiler 
by  J.  M.  Snodgrass.    1909.    Fifteen  cents. 

'Bulletin  No.  35.  A  Study  of  Base  and  Bearing  Plates  for  Columns  and  Beams,  by  N. 
Clifford  Ricker.    1909-     Twenty  cents. 

Bulletin  No.  36.  The  Thermal  Conductivity  of  Fire-Clay  at  High  Temperatures,  by  J. 
K.  Clement  and  W.  L.  Egy.    1909.     Twenty  cents. 

*Bulletin  No.  37.  Unit  Coal  and  the  Composition  of  Coal  Ash.  by  S.  W.  Parr  and  W.  F. 
Wheeler .     1909.     Thirty-five  cents. 

Bulletin  No.  38.  The  Weathering  of  Coal,  by  S.  W.  Parr  and  W.  F-  Wheeler.  1909. 
Twenty- five  cents. 

Bulletin  No.  39.  Tests  of  Washed  Grades  of  Illinois  Coal,  by  C.  S.  McGovney.  1909. 
Seventy -five  cents. 

Bulletin  No.  40.  A  Study  in  Heat  Transmission,  by  J.  K.  Clement  and  C.  M.  Garland. 
1910.     Ten  cents. 

Bulletin     No.    41.    Tests  of  Timber  Beams,  by  Arthur  N.  Talbot-    1910.     Twenty  cents. 

Bulletin     No.    42.    The  Effect  of  Keyways  on  the  Strength  of  Shafts,  by  Herbert  F.  Moore. 

1910.  TeJi  cents. 

Bulletin     No.    43.    Freight  Train  Resistance,  by  Edward  C.  Schmidt.    19\0.  Mghty  cents. 

Bulletin  No.  44.  An  Investigation  of  Built-up  Columns  under  Load,  by  Arthur  N. 
Talbot  and  Herbert  F.  Moore.  1911.     Thirty-five  cents. 

Bulletin  No.  45.  The  Strength  of  Oxyacetylene  Welds  in  Steel,  by  Herbert  L. 
Whittemore.    1911.     Thirty-five  cents. 

Bulletin  No.  46.  The  Spontaneous  Combustion  of  Coal,  by  S.  W.  Parr  and  F.  W.  Kress- 
mann.    1911.    Forty-five  cents . 

Bulletin      No.    47.    Magnetic  Properties  of  Heusler  Alloys,  by  Edward  B.  Stephenson 

1911.  Twenty-five  cents. 

Bulletin  No.  48.  Resistance  to  Flow  through  Locomotive  Water  Columns,  by  Arthur 
N.  Talbot  and  Melvin  L.  Enger.    1911.    Forty  cents. 

Bulletin  No.  49.  Tests  of  Nickel-Steel  Riveted  Joints,  by  Arthur  N.  Talbot  and  Herbert 
F.  Moore.    1911.     Thirty  cents. 

Bulletin  No.  50.  Tests  of  a  Suction  Gas  Producer,  by  C.  M.  Garland  and  A.  P.  Kratz. 
191 1 .    Fifty  cents. 

Bulletin  No.  51.  Street  Lighting,  by  J.  M.  Bryant  and  H.  G.  Hake.  1911.  Thirty-five 
cents. 

Bulletin  No.  52.  An  Investigation  of  the  Strength  of  Rolled  Zinc,  by  Herbert  F.  Moore. 
1911.    Fifteen  cents. 

Bulletin  No.  53.  Inductance  of  Colls,  by  Morgan  Brooks  and  H.  M.  Turner.  1912.  Forty 
cents. 


*  Out  of  print;  price  attached. 


ANNOUNCEMENT  CONCERNING  A  MODIFICATION  IN 
THE    RULES   GOVERNING   THE  DISTRIBUTION  OF  BULLETINS 

The  Board  of  Trustees  of  the  University  of  Illinois  voted,  December  3, 
1910,  that  a  price  siiould  be  affixed  to  certain  Universitj-  publications,  among 
them  being  the  Bulletin  of  the  Engineering  Experiment  Station. 

This  action,  so  far  as  it  concerns  the  bulletins  of  the  Engineering 
Experiment  Station,  has  for  its  purpose  a  threefold  object: 

(1)  To  provide  a  greater  degree  of  control  in  the  distribution  of  bul- 
letins. 

(2)  To  make  possible  the  establishment  and  maintenance  of  a  trade 
circulation  through  the  regular  publishing  houses. 

(3)  To  regulate  the  distribution  of  the  reserve  or  "out-of-print"  supply. 

IT  IS  NOT  INTENDED  THAT  THIS  ACTION  SHALL  OPERATE 
IN  ANY  WAY  TO  ABRIDGE  THE  PRIVILEGES  OF  THOSE  WHO 
HAVE  HITHERTO  RECEIVED  THE  BULLETINS  OF  THE  STATION 
GRATUITOUSLY,  OR  TO  PREVENT  REASONABLE  EXTENSIONS 
OF  THE  EXISTING  MAILING  LISTS. 

Practice  under  the  new  procedure  will  be  as  follows: 

(1)  All  bulletins,  hereafter  issued,  willhave  a  price  printed  upon  the 
cover,  together  with  the  name  of  the  London  sales  agent. 

(2)  EACH  BULLETIN,  HOWEVER,  WILL  STILL  BE  SUBJECT 
TO  A  FREE  INITIAL  DISTRIBUTION,  AS  HERETOFORE,  ON  THE 
BASIS  OF  EXISTING  MAILING  LISTS. 

It  will  also  be  placed  on  sale  with  authorized  agencies,  both  in  this 
country  and  abroad. 

(3)  THERE  WILL  BE  A  LIMITED  NUMBER  OF  COPIES  AVAIL- 
ABLE FOR  FREE  DISTRIBUTION,  UPON  REQUEST,  AFTER  THE 
INITIAL  DISTRIBUTION. 

(4)  As  the  supply  of  each  bulletin  approaches  exhaustion,  it  will  be 
placed  upon  a  reserve  or  "out-of-print"  list.  THE  EFFECT  OF  THIS 
ACTION  WILL  BE  TO  WITHDRAW  SUCH  BULLETINS  FROM  FREE 
DISTRIBUTION.  Bulletins  withdrawn  from  free  distribution  will  be 
available  to  any  applicant  upon  payment  of  the  assigned  price. 

(5)  A  discount  from  the  published  price  will  be  allowed  to  news  agents 
regularly  handling  the  bulletins. 

W.  F.  M.  GOSS 

Director. 


UiSriVERSITY  OF  ILLINOIS 

THE  STATE  U]>aVERSITY 


THE  UNIVERSITY  INCLUDES    THE 

COLLEGE  OP  LITERATURE  AND  ARTS  (Ancient  and  Modern 
Lan^aaj^es  and  Literatures,  Philosophical  and  Political  Sci- 
ence Groups  of  Studies,  Economics,  Commerce  and  Industry). 

COLLEQE  OF  EiSQINEERINQ  Graduate  and  undergraduate 
courses  In  Architecture:  Architectural  Eng-ineering:  Civil 
Enjrineering;  Electrical  Engineering;  Meclianical  Engineer- 
ing; Mining  Engineering;  Municipal  and  Sanitary  Eng- 
ineering; Baiiway  Engineering. 

COLLEQE  OF  SCIENCE  (Astronomy,  Botany,  Chemistry,  Ge- 
ology, Matiiematics,  Physics,  Physiology,  Zoology). 

COLLEQE  OF  AGRICULTURE  (Animal  Husbandry,  Agronomy, 
Dairy  Husbandry,  Horticulture,  Veterinary  Science,  House- 
hold Science.  . 

COLLEQE  OF  LAW  (Three  years'  course). 

COLLEQE  OF  MEDICINE  (College  of  Physicians  and  Surgeons, 

Chicago).    (Four  years'  course). 

COLLEGE  OF  DENTISTRY  (Chicago),    (Three  years'  course). 

SCHOOLS— GRADUATE  SCHOOL,  MUSIC  (Voice,  Piano,  Vio- 
lin), LIBRARY  SCIENCE,  PHARMACY  (Chicago),  EDU- 
CATION, RAILWAY  ENGINEERING  AND  ADMINISTRA- 
TION. 

A  Summer  School  with  a  session  of  eight  weeks  is  open  during 
the  summer. 
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I.     Introduction 

1.  Preliminary. — Owing  to  the  fact  that  the  mechanical  stresses 
in  transmission  Hnes  vary  within  unusually  wide  limits,  many  electrical 
engineers  have  overlooked  the  fact  that  otherwise  well-designed  and 
expensive  electric  power  stations  have  been  seriously  crippled  because 
the  transmission  line,  though  electrically  strong,  was  mechanically  weak. 
There  are  instances  where  it  would  be  a  commercial  impossibility  to 
design  a  transmission  line  that  would  withstand  the  local  combined 
maximum  wind  pressure,  ice  load,  and  temperature  range.  If  a 
telegraph  or  telephone  line  should  be  overturned  by  an  exceptionally 
severe  storm,  accompanied  by  sleet  on  the  wires,  comparatively  little 
inconvenience  would  result,  owing  to  the  fact  that  these  small  wires, 
though  frequently  numerous,  carry  harmless  currents.  The  percentage 
of  modern  telegraph  and  telephone  lines  }'early  destroyed  is  fairly 
small ;  and,  for  this  reason,  to  build  all  the  lines  strong  enough  to  resist 
the  most  exceptional  wind  pressure  would  be  more  expensive  than  to 
replace  the  few  lines  destroyed.  Let  a  high-tension  transmission  line 
be  overturned,  however,  and  more  serious  results  will  follow.  The 
transmission  line  is  often  the  most  expensive  part  of  an  electric 
power  development;  therefore,  it  should  be  built  strong  enough  to 
resist  the  exceptionally  violent  local  storms,  and  no  expense  should 
be  spared  to  insure  safety  to  life. 

2.  Object  of  Bulletin. — Transmission  lines  are,  in  general, 
subjected  to  stresses  due  to  the  following  causes:  (i)  dead  weight; 
(2)  wind  pressure;  (3)  changes  of  temperature;  (4)  tensional  unbal- 
ancing. It  is  the  object  of  this  bulletin  to  discuss  the  first  three  of 
the  above  stresses. 

3.  Acknozvledgments. — Acknowledgment  is  hereby  made  to 
Messrs.  A.  J.  Bowie,  Jr.,  (Electrical  World,  Vol.  48)  and  to  J.  Mayer 
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(Engineering  News,  Vol.  35)    for  the  use  of  material  from  articles 
which  appeared  in  the  above  mentioned  magazines. 

4.    Notation. — The  following  notation  will  be  used. 
A  =  cross-sectional  area  of-  wire. 
a  ==  coefficient  of  linear  expansion  per  degree  F. 
c  =  tension  constant  at  lower  temperature. 
c^  =  tension  constant  at  higher  temperature. 
E  =  modulus  of  elasticity  of  wire. 
c  =  base  of  natural  logarithms. 
f  =  deflection  at  lower  temperature, 
/i  =  deflection  at  higher  temperature. 
(f)  =  angle. 
0  =  angle. 

//==  tension  at  lowest  point  of  wire    (lower  temperature). 
//^  =  tension  at  lowest  point  of  wire  (higher  temperature). 
/  =  length  of  span. 

L  =  length  of  wire  at  lower  temperature. 
L^  =  length  of  wire  at  higher  temperature. 
M,N  =  constants. 

J  =  half  length  of  catenary  at  lower  temperature. 
s^  =  half  length  of  catenary  at  higher  temperature. 
T  =  tension  at  insulator  at  lower  temperature. 
Ti  =  tension  at  insulator  at  higher  temperature. 
T  =  temperature  range. 

M  =  constant.  '  | 

w  =  resultant  weight  at  lower  temperature. 
u'l  =  resultant  weight  at  higher  temperature. 
X  =  half  length  of  span. 
y  ==  any  ordinate ;  when  maximum  =  /. 

II.    Stresses  Due  to  Dead  Weight 


5.  Classification  of  Dead  Weight  Stresses. — The  dead  weight  con- 
sists of:  (i)  weight  of  poles  or  towers;  (2)  weight  of  one  span  of 
wire;  (3)  weight  of  snow  or  ice-coating,  if  any;  (4)  weight  of  foun- 
dation, if  any. 

Stresses  (i)  and  (4)  are,  as  a  rule,  easily  taken  care  of  by  the 
bearing  soil  or  sub-foundation,  as  they  act  vertically  downwards,  or 
nearly  so.  Stresses  (2)  and  (3)  have  both  a  vertical  and  a  horizontal 
component,  but  the  horizontal  component  is  the  more  important.  Under 
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the  heading,  The  Tension  of  Aerial  Lines,  it  will  be  shown  how  great 
this  horizontal  component  may  become  in  extra  long  spans. 

6.  Weight  of  Snov.'  or  Ice  Coating. — Snow  or  ice  load  becomes 
the  more  important,  the  smaller  the  diameter  of  the  wire.  This  may 
easily  be  seen  by  considering  two  wires  of  the  same  length,  but  of 
different  diameters.  Assuming  a  coat  of  ice  3^  in.  thick,  the  increase  in 
weight  per  unit  length,  on  a  wire  0.102  in.  in  diameter  (10  B  &  S 
gauge)  would  be 

^[(i  +0.102)  =  — (o.i02)2]  ==1.204    ~-  ..'.  ...(i) 
4  4 

i  =  weight  of  ice  in  pounds  per  cubic  inch 

The  increase  in  weight  on  a  wire  0.409  in.  in  diameter  (3-O  B 
&  S)  would  be 

-^  [(i  +0.409)=— (0.409)-]  =1.818^ (2) 

4  4 

The  ratio  of  diameters  is  1 14,  but  the  ratio  of  increased  load  is 
I  :i.5,  as  may  be  seen  from  equations  i  and  2. 

7.  Weight  of  Foundation. — Any  foundation  may  be  regarded  as 
having  two  components:  (i)  the  bearing  soil  or  sub-foundation;  (2) 
the  foundation  proper,  consisting  of  the  materials  forming  a  solid  base 
for  the  superstructure.  As  geological  conditions  vary  widely  in 
different  localities,  an  approximate  knowledge  of  the  characteristics 
of  the  soil  under  consideration  is  of  importance. 

(a)  Bearing  Soil. — Sometimes  the  bearing  power  of  the  soil 
must  necessarily  be  increased.  This  can  be  accomplished  by  means 
of  piles.  Trautwine  gives  the  following  formula  for  determining  the 
maximum  load  that  a  pile  will  stand  : 


^^0.023  f'Uw 


where 


/j  +  I 

W  =  ultimate  load  in  tons  of  2000  pounds ; 
H  =  fall  in  feet ; 

w  =  weight  of  hammer  in  pounds ; 
h  =  last  sinking  in  inches. 

This  formula  must  be  used  with  a  factor  of  safety  of  from  i  to 
10,  depending  upon  local  conditions. 

Table  i  shows  the  safe  bearing  values  of  ordinary  soils. 
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TABLE  I 
Safe  Bearing  Values  of  Soils 


Kind   of   Material 

Rock,  the  hardest,  in  thick  layers  in  native  bed 

Rock,   the   softest,   easily    worn   by   water   or   exposure   to   the 

weather     

Clay,  in  thick  beds,  always  dry 

Clay,  in  thick  beds,  moderately  dry  

Clay,    soft   beds   

Gravel  and  coarse  sand,   well   cemented  

Sand,    compact    and    well    cemented 

Sand,    clean   and   dry   

Quicksand  and  alluvial  soils  


Bearing 

Values 

tons  per  sq.   ft. 

Maximum 

Minimum 

200 

18 

6 

4 

4 

2 

2 

1 

10 

8 

6 

4 

4 

2 

1 

0.5 

Table  2,  compiled  from  various  authorities,  gives  the  crushing- 
strengths  and  moduli  of  rupture  of  the  principal  materials  used  for 
foundations. 

TABLE  2 
Crushing  Strengths  and  Moduli  of  Rupture 


Kind   of   Material 


Granite     

Limestone,   common  varieties  

Oolitic   limestone   

Sandstone     (brownstone)     

Concrete,  1  month,  1  part  portland  cement,  2  parts  sand,  and 

4   parts  broken    stone  

Brick  laid  in  portland  cement,   1  to  2  mortar 

Brick  laid  in  Rosedale  cement,   1    to  2  mortar 


Moduli  of 

Crushing 

Rupture 

Strengths 

lb.  per  sq.  in. 

lb.  per  sq.  in. 

1800 

10400 

1500 

8670 

2338 

6700 

2160 

8300 

230 

1500 

2900 

1700 

(b)  The  Foundation. — Stresses  in  foundations  are  due  to  two 
causes:  (i)  dead  weight  of  poles  or  towers,  plus  weight  of  one  span 
of  wire,  together  with  any  snow  or  ice  coating:  (2)  stresses  due  to 
wind  pressure ;  tensional  unbalancing  caused  by  spans  of  different 
lengths,  breaking  of  one,  two,  or  all  of  the  wires,  changes  in  the  direc- 
tion of  the  line,  changes  of  level,  etc. 

The  total  dead  weight  divided  by  the  area  of  the  foundation,  plus 
the  unit  load  produced  by  the  maximum  wind  pressure,  (see  Stresses 
Due  to  Wind  Pressure),  plus  a  factor  representing  the  unit  load  pro- 
duced by  tensional  unbalancing,  are  represented  by  the  following 
formula : 


L  = 


W     Ml 
'A+TI  +  " 


(3> 
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Avhere 

L  ==  load  on  sub- foundation  per  unit  area; 
IV  =  total  dead  weight ; 
A  =  area  of  foundation  ; 
M  =  moment  of  the  wind ; 
/  =  moment  of  inertia  of  the  area  of  the  base  about  a 
gravity  axis  perpendicular  to  the  direction  of  wind; 
/  =  distance  of  most  remote  point  of  base  from  this  axis ; 
U  =  factor  representing  unit  load  produced  by  tensional 
unbalancing. 
Considering  a  common  case,  in  which  the  towers  rest  on  square 
bases,  the  direction  of  the  wind  is  at  right  angles  to  the  line,  and  the 
line  is  straight,  there  is  obtained  for  the  maximum  intensity  of  pressure 
on  the  footing: 

IV     ,      /      /^ 2 

L=  ^+^yjM  +  N    (4) 

in  which : 

/  =  length  of  one  side  of  square  base; 
/'  =  moment  of  inertia  of  base  about  a  gravity  axis  par- 
allel to  one  side; 
A^  =  moment  due  to  tensional  unbalancing. 
and  the  other  symbols  have  the  same  meaning  as  above. 

Sometimes  it  is  found  necessary  to  extend  the  base  of  a  foundation 
in  order  not  to  overload  the  bearing  soil.  To  show  how  to  determine 
the  safe  projection  of  this  base,  a  simple  case  will  be  considered. 
(Fig.  I). 
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Let        P  =  the  pressure  in  lb.  per  sq.  in.  at  the  bottom  of  the 
foundation ; 
R  =  the  modulus  of  rupture  of  the  material  of  the  founda- 
tion in  lb.  per  sq.  in ; 
/>  =  the  projection  in  inches; 
t  =  the  thickness  of  the  base  in  inches ; 
h  =  the  breadth  of  the  base  in  inches ; 
The  projecting  part,  p,  of  the  base  may  be  considered  as  a  canti- 
lever beam  uniformly  loaded.    Therefore,  the  bending  moment  of  this 
beam  may  be  represented  by  the  formula 


Ppb^-=~  Rbt'- 


Simplifying 


Fig.  2 
A  factor  of  safety  ranging  from  5  to  10  should  be  used  in  connec- 
tion with  this  formula  (6). 
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Fig.  I  may  also  be  taken  as  representing  one  of  the  four  separate 
masses  of  concrete  needed,  when  the  four  posts  of  a  tower  are  placed 
so  far  apart  that  it  would  be  uneconomical  to  use  a  single  concrete  block 
to  support  the  whole  structure.  It  could  also  represent  the  slightly- 
different  case  (on  account  of  the  earth  on  top)  when  the  four  blocks 
rest  on  a  platform  usually  made  of  reinforced  concrete. 

The  stresses  in  a  foundation  and  the  accompanying  lateral  earth 
pressures  which  are  set  up  when  the  tower  is  subjected  to  lateral  pres- 
sures will  now  be  considered.  Fig.  2  represents  a  longitudinal  section 
of  a  prismatic  concrete  block  of  depth  d  which  supports  a  tower  which 
is  subjected  to  lateral  pressures.  The  longitudinal  section  of  the  block 
is  taken  in  a  plane  parallel  to  the  resultant  lateral  pressure  F  which 
acts  at  a  distance  q  above  the  ground  level.  Neglecting  friction  of 
ground  against  the  sides  of  the  concrete  block,  the  overturning  moment 
of  F  is  resisted  by  earth  pressures  having  resultants  A  and  B  on  oppo- 
site sides  of  the  block.  The  intensity  of  earth  pressure  is  assumed  to 
vary  in  a  straight  line  relation  from  zero  at  some  section  along  the 
block  to  a  maximum  in  one  direction  at  the  ground  level  (/a),  and  to 
a  maximum  in  the  other  direction  at  the  bottom  of  the  block.  If  the 
block  is  of  uniform  cross-section,  the  point  of  application  of  A  will  be 
one-third  the  distance  from  the  ground  level  to  the  section  of  zero 
lateral  pressure;  sim.ilarly,  the  point  of  appHcation  of  B  will  be  one- 
third  the  distance  from  the  bottom  of  the  block  to  the  section  of  zero 
lateral  pressure.  Using  the  notation  of  Fig.  2,  we  obtain  the  following 
equations  for  equilibrium.     Taking  moments  about  B, 

,        b  2  Ad 

/  B^F=A 

also  .-'    ••  ^         ^ 

'B~^T~ 
and 

a  -f-  &  =  c? 
From  the  above  equations. 


and 


Ad 


2A—F 
From  the  straight  line  relation  of  the  lateral  earth  pressures, 


aw 
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in  which  zu  is  the  width  of  the  block  perpendicular  to  the  line  of  action 
of  F.  /g  should  not  exceed  the  safe  bearing  pressure  for  the  soil  around 
the  block.    The  maximum  bending  moment  on  the  block  is 

2Bd-      2{A—F)d 

3  3 

and  the  maximum  fiber  stress  due  to  bending  equals  this  maximum 
moment  divided  by  the  section  modulus  of  a  cross-section  of  the  block 
about  an  axis  perpendicular  to  the  line  of  action  of  F.  This  fiber 
stress  should  not  be  greater  than  about  one-sixth  the  strength  of  the 
material  of  the  block  in  cross-bending. 

III.     Stresses  Due  to  Wind  Pressure 

8.  Lateral  Stresses. — The  chief  lateral  stresses  to  which  trans- 
mission line  poles  or  towers  are  subjected  are  due  to  wind  pres- 
sure acting  on  the  wires,  and  on  the  poles  or  towers  themselves;  (the 
pressure  on  cross-arms  and  insulators  may  ususally  be  neglected). 

The  usual  assumed  wind  pressures  in  England,  Germany, 
Switzerland  and  the  United  States  are:  56,  26,  21,  and  30  lb.  per  sq. 
ft.  of  exposed  area.  These  pressures  are  for  wind  acting  normally 
to  a  flat  surface.  The  effective  area  ofifered  by  a  cylinder  to  the 
pressure  of  wind  is  theoretically  two-thirds  of  the  diameter  multi- 
plied by  the  length.  In  Switzerland,  0.7  of  the  diameter  times  the 
length  is  allowed;  in  England,  0.6. 

9.  Wind  Pressure  on  Flat  Surfaces. — Air  pressure,  especially  on 
curved  surfaces,  is  a  very  complex  quantity,  and,  so  far  as  the  writer 
is  aware,  no  exact  mathematical  treatment  of  the  subject  has  been 
given.  This  is  due  to  the  fact  that  when  a  body  immersed  in  a 
fluid  is  moving  in  the  latter  (or  vice  versa),  there  will  generally 
exist,  at  every  point  of  the  surface  of  the  body,  a  pressure  dif- 
ferent from  that  which  would  have  existed  without  this  movement. 
When  there  is  not  such  motion,  the  resultant  of  all  the  elemen- 
tary forces  due  to  the  static  pressure  of  this  fluid  is  equal  to 
zero.  If  the  body  is  in  motion,  this  can  easily  be  understood,  remem- 
bering that  the  pressure  at  any  point  can  be  regarded  as  composed  of 
the  pressure  due  to  the  direct  stream  of  air  flowing  normal  to  the 
surface  in  question,  and  the  reflected  air  streams  from  other  points 
of  the  surface  near  by. 

Drs.  Finzi  and  Soldati*  give  an  account  of  a  most  interesting 
series  of  experiments  which  they  performed  in  determining  air  pres- 
sures. The  series  of  tests  includes  the  determination  of  the  normal 
pressure  on  planes,  cylinders,  spheres,  and  bodies  of  other  shapes.  The 
method  of  determination  consisted  in  the  use  of  a  tube  connected  to 

^Engineering   (London)    March   17,  April  14,  1905. 
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small  holes,  normal  to  the  surfaces,  the  other  end  of  the  tube  being 
connected  to  a  pressure  gauge.  Thus  the  pressure  over  the  entire 
surface  could  be  observed  by  point  measurements,  the  pressure  at  any 
point  being  of  course  normal  to  the  surface. 

Previous  experiments  on  wind  pressure  had  been  made  by  meas- 
uring the  pressure  as  a  whole  (dynamometric  method)  without  making 
any  determination  as  to  the  distribution  over  the  various  regions  of 
the  body,  and  this  very  fact  explains  why  eminent  authorities  obtained 
radically  different  results.  But  the  experiments  of  Drs.  Finzi  and  Sol- 
dati  have  proved  conclusively  that  the  wind  pressure  on  any  surface 
was  not  evenly  distributed,  and  that,  in  all  cases,  the  pressures  vary 
directly  with  the  first  power  of  the  velocity  heads.  In  the  consideration 
of  flat  surfaces  normal  to  the  wind,  the  pressure  may  be  regarded  as 
composed  of  two  parts:  (i)  front  pressure,  (2)  back  pressure.  The 
front  pressure  is  greatest  at  the  center  of  the  figure,  where  its  highest 
value  is  equal  to  that  due  to  the  velocity  head.  It  falls  off  towards  the 
edges.  The  gross  front  pressure  for  a  circle  is  75  per  cent  of  that  due 
to  the  velocity  head ;  for  a  square,  it  is  70  per  cent-,  and  for  a  rectangle 
whose  length  is  very  long  compared  with  its  width  it  is  83.3  per  cent. 

Back  pressures  are  nearly  uniform  over  the  whole  area  except  at 
the  edges.  In  the  above-mentioned  experiments,  the  striking  fact  is 
brought  out  that  the  back  pressure  is  dependent  on  the  perimeter  of 
the  plane,  and  will  vary  between  negative  values  of  40  and  100  per 
cent  of  the  velocity  head,  its  value  being  expressed  by  the  equation, 

P=  (0.4  +  0.15/  —  0.0044/') 

2g     ^ 

■  V-  W 
where is  the  velocity  head  and  /  is  the  perimeter  in  meters. 

This  equation  holds  up  to  /  =  4.     From  what  precedes,  the  maximum 

total  pressure  on  an  indefinitely  long  rectangle  of  measurable  width 

is  1.83  times  the  velocity  head  pressure.     For  a  very  small  square,  the 

coefficient  may  be  as  small  as   i.i.     According  to  the  theory  usually 

accepted,  this  coefficient  should  be  2. 

Air  pressures  per  unit  area  may  be  obtained  by  means  of   the 

following  formula : 

F2  W 

p  =  K 

2g 

where 

V  =  velocity  of  wind  per  second  ; 
W  =  weight  of  air  per  unit  cube ; 
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g  =  acceleration  of  gravity  in  corresponding  units. 

Table  3,  calculated  from  the  above-mentioned  article  on  air  pres- 
sures, gives  the  coefficient  K  for  various  surfaces. 

10.  JViiid  Pressure  on  Oblique  Surfaces. — The  front-face  pres- 
sure at  an  angle  of  less  than  90°  can  be  determined  by  means  of  the 
following  formula : 

V'W  sin  3  a 
p=  

2(7 

TABLE  3 


Description  of  Surface 


10  cm.  diameter  disc  

30  cm.   diameter  disc  

100  cm.   diameter  disc  

10   X    10   cm.   square   

30  X  30  cm.  square  

100  X   100   cm.   square   

10  X  30  rectangle   

10  X   100  rectangle  

30  X   100   rectangle  

4.8  mm.  diameter  x  25   cm.   cylinder 

4.8   mm.   x   25   cm.   rectangle 

Long    rectangle    


Front 

Back 

0.750 

0.447 

0.754 

0.538 

0.747 

0.813 

0.697 

0.453 

0.696 

0.572 

0.697 

0.893 

0.752 

0.516 

0.771 

0.713 

0.753 

0.757 

0.222 

0.401 

0.756 

0.488 

0.833 

1.000 

1.197 
1.292 
1.560 
1.150 
1.268 
1.690 
1.268 
1.484 
1.510 
0.626 
1.244 
1.833 


Experiments  carried  on  by  Drs.  Finzi  and  Soldati  proved  that  the 
exponent  varies  between  1.22  and  1.42.  The  back  depression  for  angles, 
comprised  between  60°  and  90°,  is  fairly  uniform  over  the  whole  area, 
and  very  similar  to  the  values  at  90°  given  in  Table  3. 

II.  JVind  Pressure  on  Large  and  Small  Surfaces. — There  is  a 
great  difference  between  wind  pressure  on  large  and  small  surfaces. 
This  arises  from  the  fact  that  the  wind  pressure  acts  in  gusts  or  is  oscil- 
lating, and  the  oscillations  are  not  synchronous  over  any  considerable 
extent  of  space.  The  English  standard  for  wind  pressure  is  56  lb.  per 
sq.  ft.  of  plane  exposed  surface,  60  per  cent  of  this  being  for  cylin- 
drical surfaces  (counting  diameter  into  length  as  exposed  area).  In 
this  country,  50  lb.  per  sq.  ft.  is  a  frequent  standard ;  but  most  American 
engineers  are  of  the  opinion  that  such  pressures  occur  only  over  small 
surfaces,  and  that  30  lb.  per  sq.  ft.  of  exposed  surface  is  a  liberal  allow- 
ance for  areas  extending  over  considerable  distances.  The  New  York 
building  code  and  many  other  building  codes  prescribe  for  high  build- 
ings 30  lb.  per  sq.  ft. 

The  observed  wind  pressure  greatly  decreases  as  one  approaches 
the  surface  of  the  ground.    This  is  an  additional  reason  why  an  assumed 
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wind  pressure  of  more  than  30  lb.  per  sq.  ft.  is  not  warranted  for  a 
transmission  line,  the  towers  of  which  are  rarely  more  than  60  ft.  high. 
For  the  cylindrical  parts  of  a  transmission  line  (poles,  wires,  etc.),  as 
pressures  on  cylindrical  surfaces  have  been  shown  by  experiment  to  be 
from  50  to  60  per  cent  of  those  on  plane  surfaces,  a  pressure  of  18 
lb-  per  sq.  ft.  (counting  diameter  into  length  as  area)  is,  therefore,  a 
liberal  assumption. 

]\Ir.  H.  W.  Buck*  has  given  the  results  of  a  series  of  wind-pres- 
sure experiments  made  at  Niagara  on  a  950-ft.  span  of  0.58-in.  stranded 
cable,  erected  so  as  to  be  normal  to  the  usual  wind.  From  the  data 
obtained,  the  following  formula  was  derived : 


where 


p  =  0.0025  V^ 


p=  pressure  in  lb.  per  sq.  ft.  of  projected  area; 
V  =  wind  velocity  in  miles  per  hour. 
For  solid  wire,  previous  experimenters  had  derived  the  formula : 

p  =  0.002   V- 

Mr.  Buck  attributes  the  25  per  cent  increase  to  the  fact  that,  for  a 
given  diameter,  cable  presents  increased  surface  for  wind  pressure. 
Unfortunately  he  mentions  neither  the  barometer  nor  the  temperature. 
Fig.  3  was  drawn,  using  Mr.  Buck's  formula.     He  points  out  in  his 


ft: 

3 

./-" 

^ 

^   80 

^ 

r^ 

^^ 

c 
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^ 
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^ 
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Fig.  3 
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paper  that  in  the  reports  of  the  U.  S.  Weather  Bureau,  the  wind 
velocities  are  higher  than  the  actual  velocities  on  a  level  with  the 
average  transmission  line.     This,  of  course,   is  due  to  the  fact  that 

*Paper  read  at  the  World's  Fair  in  St.  Louis,  1904. 
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the  recording  instruments  are  usually  located  on  high,  exposed  places. 
Fig.  4  shows  graphically  his  tabular  comparison  of  indicated  and 
actual  velocities. 

It  is  highly  desirable  that  proper  investigations  should  be  con- 
ducted along  the  line  of  suitable  coefficients  for  wind-pressure,  to  see 
the  effect,  if  any,  which  the  wire  diameter  exerts  on  the  pressure  for 
a  given  projected  area,  and  to  determine  whether  the  values  should  not 
be  still  greater  for  cable  than  for  wire. 
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Based  on  the  fact  that  the  tangent  of  the  angle  made  by  the  plane 
of  the  wire  with  the  vertical  shows  the  ratio  of  the  wind-pressure  to 
the  weight  of  the  wire,  A.  J.  Bowie,  Jr.,  has  suggested  the  following 
simple  and  feasible  method  for  keeping  record  of  or  measuring  the 
wind  pressure  on  wires.  A  pivoted  lever,  provided  with  a  pencil  at 
the  upper  end,  rests  constantly  against  the  wire  at  the  center  of  the 
span.  The  pencil  traces  a  diagram  on  paper  from  which  can  be  de- 
termined the  lateral  sway  of  the  wire  and  hence  the  wind  pressure. 

IV.    Tension  in  Aerial  Lines.* 


12.  Analytical  Discussion. — Let  ABC  represent  a  wire  fast- 
ened to  insulators  A  and  C,  or  in  other  words,  imagine  ABC  to  be 
any  span  of  a  transmission  line.  The  internal  force  or  tension  in  a 
perfectly  flexible  string,  if  hung  as  shown  in  Fig  5,  would  be  directed 

*The  analytical  discussion  immediately  following  is  substantially  that  given 
in  text-books  on  Theoretical  Mechanics.  It  is  inserted  here  for  the  sake  of 
completeness  in  the  presentation. 
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at  every  point  along  the  tangent  line  to  the  string;  but  this  is  not 
exactly  true  of  a  wire;  for,  if  an  attempt  be  made  to  bend  an  imper- 
fectly flexible  string,  or  a  conductor,  a  certain  amount  of  resistance 
proportional  to  the  degree  of  rigidity  of  the  string  or  wire  is  encoun- 
tered. However,  as  the  wire  under  consideration  hangs  freely,  gravity 
being  the  only  force  acting  upon  it,  for  all  practical  purposes,  the 
curve  ABC  may  be  considered  as  a  catenary.  This  curve  would  be 
a  perfect  catenary  if  the  wire  were  inextensible,  perfectly  flexible, 
and  of  uniform  cross-section  and  density. 

The  properties  of  the  curve  ABC  will  be  the  same  whether  or 
not  the  points  A  and  C  are  at  the  same  level;  but,  for  the  sake 
of  simplicity,  the  equation  of  this  curve,  assuming  A  and  C  to  be 
in  the  same  horizontal  line,  will  be  deduced. 

Consider  a  particle  P  of  the  wire   (Fig.  5),     This  particle,  as 


Fig.  5 

shown  in  Fig.  6.  is  kept  in  equilibrium  by  the  tensions  T^  and  Tj, 
and  by  its  weight,  W  acting  downwards.  Resolving  these  forces 
horizontally, 


7^1  cos  6^  - —  To  cos  62  =  0 
TjCos  6^  =  ToCos  6n.  .  .  . 


(I) 


Fig.  6 
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That  is,  the  horizontal  components  of  the  tensions  in  the  dififer- 
ent  portions  of  the  wire  are  the  same. 

The  equation  of  the  curve  shown  in  Fig.  5  will  now  be  deduced. 
The  X-axis  will  be  located  at  B,  the  lowest  point  of  the  catenary 
and  the  Y-axis  will  also  pass  through  this  point.  Fig.  7  shows  as 
free  and  in  equilibrium,  the  right-hand  half  of  the  catenary  ABC 
(Fig.  5).  The  tensions  H  and  T,  and  the  weight  W,  of  the  wire 
make  this  equilibrium  stable.    For  algebraic  convenience,  make 

H  =  czv (2) 

That  is,  the  tension  H  at  the  lowest  point  of  the  curve  may  be  con- 
sidered replaced  by  the  weight  of  a  length  c  of  wire  weighing  w  pounds 


Fig-  7 


per  unit  length.     Calling  s  the  length  of  the  curve  shown  in  Fig.  7, 
resolving  vertically, 


dy 
as 


Resolving  horizontally 

Dividing  (3)  by  (4)  and  squaring 


r—r-=  cw  ==  H 
as 


dy''-  s^ 

dx^^~c^   "" 

Remembering  that 

dv-  =  ds'~  —  dx-  , 
substituting  in  (5),  and  solving  for  dx, 


(3) 

(4) 

(5) 
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d.v  = 


^^-  +  -^- 


and 


_      p'       ds 


Equation  (6)  can  be  integrated  as  follows: 

ds  rs  ds  s  +^f^  + 


rs       ds        p      ds 

Jo  ^j^^T7^^Xyj^^T7^ 


I 


•^■~^f-  +  s-  ds  -j-    s  d  s 
0  ^|c^-  -i-s^    [s+   Vc2+^2    ^ 
s  d  s 


/ 


.s    ds-^  yjc~  +s- 


'-^  V^'  + 


pog3(.+^^,_^,,^  I; 
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(6) 


=  log. 


+V'^'  + 


Substituting  (7)  in  (6) 


^'  =  c  log. 


•^  + 


V^'  + 


Remembering  that 

dx^  =  ds-  —  dy^, 
substituting  in  (5  ),  and  solving  for  y, 


3^ 


p  sds 


oV^^+^^    W^ 


+  j2 


Therefore 


■^c'  + 


s-  —  c 


(7) 


(8) 


(9) 
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Solving:  for  c, 


c  = 


2y 


(ID) 


Fig.  8  illustrates  a  principle  which   will  be  found  of  great  use 


O  D     X' 

Fig.  8 
when  it  is  necessary  to  draw  an  accurate  catenary. 
From  equation  (3)  and  (4) 

T  sin  6      sw 


T  cos 


czu 


tan^  = 


From    (9), 


y 


-|-C=^C2_|_^2 


(II) 


(12) 


Therefore,  (Fig.  8)  if  PD  be  parallel  to  YO  and  equal  to  y -\- c, 
as  shown,  and  EP  (  ^  s)  be  the  tangent  at  P,  then  ED  will  be  equal 
to  c  and  perpendicular  to  tangent  EP. 

From  (12)  it  may  easily  be  seen  that  as  3;  is  a  variable  and  c  a  con- 
stant, the  point  D  for  any  other  ordinate  will  necessarily  lie  on  the 
line  OD.    This  line  OD  is  called  the  directrix  of  the  catenary. 

Equation   (8)  can  be  written, 


e   =. 


y]c^ 


J  +  \/  C2  4-  ^2 


Where  e  is  equal  to  2.718,  the  base  of  the  natural  logarithms. 
Solving  for  .y  in  (13) 


=  -\ec  —e  c 
2L  J 


(13) 


(14) 
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From   (9)   and   (14),  the  value  of  3^  in  terms  of  x  can  be  found. 
Remembering  that  in  the  notation  of  hyperbolic  functions 


[•■• 


+  r 


and 


=  cosh 


=  sinh 


equation  (14)  may  be  written 

^  =  c  sinh  — 
c 

and  equation  (9) 


(15) 


sinh2  ^-j_i_c 
c 


c  cosh 


x 


c 

X 


(16) 


We  know  how  to  determine  the  tension  at  the  lowest  point  of  the 
wire  (see  equations  (2)  and  (10)).  It  will  now  be  shown  how  the 
tension  at  the  highest  point  (at  the  insulator),  or  at  any  other  point 
of  the  wire,  can  be  determined. 


Equation  (3)  may  be  written, 

ws 


T 


From  Fig  8, 


Therefore 


T 


sin  9 

sin  6  = 

ws 

sin  6 


(17) 


y-\-c 


w  (y-^c) 


(18) 


This  last  equation  shows  that  the  tension  at  any  point  is  equal  to  the 
weight  of  a  portion  of  the  wire  whose  length  is  equal  to  the  ordinate 
of  the  point  plus  c. 

If  we  call  /  the  maximum  value  of  y,  i.  e.,  the  deflection  of  the 
wire,  then  from  (2)  and  (18) 

T  =  H  +  fw    • (19) 

Remembering  that  y^^^  =  f,  equation  (18)  may  be  written 
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T^fw-^  czu (20) 

Therefore 

c  = — (21a) 

Equating  (10)  and  21a) 

j2_/2      T  —  fzu 

Therefore 

T  = ^r (21b) 

Solving  for  / 

T±^|T^-s^ ^^^^ 

^  zv 

Equation  (22)  may  be  written 

T  =  fzv±  ^T-~—sHv^ (23) 

Equating   (19)   and   (23) 

H  +  fzi'  =  fzv  ±  JT'^  —  -^^^2 (24) 

and 

H=±  ^r^—sHv^~   (25) 

This  last  equation  shows  that  the  tension  T  at  the  insulator,  the 
tension  //  at  the  lowest  point  of  the  conductor,  and  the  weight  W 
of  half  the  span  of  wire  can  be  represented  as  shown  in  Fig.  5. 

(The  ±  sign  in  equation  (25)  may  be  taken  to  show  that  when 
considering  the  right  or  left-hand  half  of  the  span  of  wire  as  free 
and  in  equilibrium,  the  horizontal  tension  H  which  should  be  put  in 


W=sw 


T=w(f+c) 
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(as  shown  in  Fig.  9),  would  point  in  one  or  in  the  other  direction.) 
Equating  equations  (2)  and  (25) 


whence 


.Vii 


^  =  '—v. — (^«) 

For  all  ordinary  spans,  the  tension  H  at  the  lowest  point  of  the 
wire  is  very  large  compared  with  the  weight  zu  per  unit  length. 
Hence  from  equation  (2)  the  length  c  is  large  compared  with  x,  and 

the  ratio    -    is  therefore  small.     This  fact  permits  the  use  of  certain 

simplifying  approximations  that  may  be  used  if  the  span  is  not  too 
long.  In  the  following  discussion,  we  shall  first  develop  the  approxi- 
mate equations  and  show  their  application  by  a  numerical  example.  We 
shall  then  take  up  the  case  of  a  very  long  span  and  show  that  for 
such  a  span  the  errors  introduced  by  the  approximation  are  too  large 
to  be  neglected  and  that  the  exact  analysis  should  be  employed. 

13.     Approximate   or  Parabola   Method. — Developing  the   func- 

x_  _x_ 

tions  e''  and  e    '^  by  the  aid  of  Maclaurin's  formula. 


ec=i^±^±^  4,^-  ^^-  ^+etc., 

1         -—  r       X^  1-3  X* 

and     e     =  r -^+,-:i-,  _,iL- ^   1  —  ^  — etc., 
c^|2  c-      I3  c^^\4  c^ 

(where  [2  =  i  X  2,|2=  i  X  2  X  3-  etc)., 
Equation  (14)  therefore  can  be  made  to  assume  the  form, 


etc (27) 


In  a  similar  manner,  making  y„,,  =  /,  equation  ( 16)  may  be  changed  to 
the  form 

.1-2  x^  -^      >      ^  r^Q\ 

■f=. —    I  I—-  4-  -7-^    +  etc (28) 

T      \2C    +|4c3  ^|6c='    ~ 

Since  ^  is  small,  the  higher  powers  may  be  neglected  for  approxi- 
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mate  analysis.     If  I  =  2x  and  L  =  2s  (Fig.  lo).  equations  (27)  and 
U / H 

V  ^ — X ^ 

I 

I 

5 

Fig.  10 
(28 )  then  become,  respectively, 

^  =  '  +  .lV    (^9) 

^-^ (30) 

The  effect  of  this  approximation  is  to  substitute  a  parabola  for  the  true 
catenary. 

Solving  for  c  in  equation  (30)  and  substituting  (29) 

8/2 

i-'  +  ir (3.) 

Combining  (2)  and  (30) 

^~8H- (32' 

and  ^^~8f  ^^^^ 

Equation  (32)  gives  the  deflection  /  at  the  minimum  temperature 
(say,  — 20°  F.)  when  w  is  made  equal  to  the  resultant  force  pro- 
duced by  the  weight  of  wire  plus  the  ice-covering  (assumed  to  be 
5^ in.  thick)  acting  downward,  and  the  maximum  wind  pressure  (18 
lb.  per  sq.  ft.)  acting  normal  to  the  combined  weight. 

Formula  (31)  gives  the  length  of  the  wire  at  the  minimum  tem- 
perature ( — 20°  F).  When  the  temperature  rises  to,  say,  110°  F., 
the  equation  for  the  length,  Lj,  of  the  wire  assumes  the  form, 

^■-'+i-+«^'-— i^  (34) 
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where 

/      =  length  of  span ; 

f     ^  sag  at  minimum  temperature   ( — 20°   F.)  ; 

a     =  coefficient  of  Hnear  expansion  per  degree  F. ; 

L    =  length    of    wire    at   minimum    temperature ; 

t      =  difference  between  maximum  and  minimum  temperature. 

H   =  tension  at  lowest  point  of  wire  at  minimum  temperature ; 

H^  =  tension  at  lowest  point  of  wire  at  maximum  temperature ; 

A    =  cross-sectional  area  of  wire ; 

E    =  modulus  of  elasticity  of  wire. 

In  formula  (34)  the  term  aLT  represents  the  expansion  of  the 
wire  due  to  rise  of  temperature  and  the  term  L{H  —  H^^)  -^  A  E 
represents  the  corresponding  contraction  produced  by  the  decrease 
in    tension    due    to    the    higher    temperature. 

Equation  (31)  may  be  written 

f  =  ll   (L-l) (35) 

In  a  similar  manner,  if  /^  is  the  deflection  at  maximum  temperature 
and  Li  the  corresponding  length  of  the  conductor 

./;=^/(L,-/) (36) 

Substituting  the  value  of  L^  given  in  (34),  equation  (36)  becomes 

f-f'  +  -^{^'-^r^)  (37) 

Equation  (31)  may  be  put  in  the  form, 

^^  =  ^+^ ^38) 

Dividing  (^y)  by  (35)  and  solving  for  /,, 


L(i  -{-at-     —^J-)~l 

In    (39)   there  are  two  unknown  quantities,  /^  and  H.^.     Therefore, 
the  value  of  H^  must  be  found  in  order  to  solve  for  f^. 
From  (33) 

l-cV 

"=-sr (40) 
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and  Hi  =  -^ (41) 

0/1 

In  (41)  tfi  is  used  instead  of  zv,  because  for  temperatures  above 
freezing  point  the  ice  load  disappears.  If  we  want  to  know  both 
the  maximum  tension  and  maximum  sag  at  any  higher  temperature, 
Wj  is,  of  course,  the  resultant,  per  unit  length,  of  the  weight  of  the 
conductor  and  the  maximum  wind  pressure  acting  normal  to  the  weight, 

Combining  (41)  and  (40),  and  solving  for  H^ 

fHzv,  ,      , 

fi^=-. 42 

f,zv 

Substituting  this  value  of  H^  in  equation  (37) 

Multiplying  through  by  /i,  collecting  terms  and  transposing 


/  +-g-(ar--^) 


SlLfHzv,    _^ ^^^ 


SAEzt' 
Equation  (44)  has  only  one  unknown  quantity,  f^,  and  may  be  written, 

/'+3^/i  +  A^=  0 (45) 

V.     Practical  Use  of  Foregoing  Formulas. 

To  show  how  the  preceding  formulas  can  be  used  in  solving 
practical  problems,  a  numerical  example  will  be  given.  Several  assump- 
tions will  have  of  necessity  to  be  made  regarding  temperature  range, 
wind  pressure,  ice  coating,  etc.  The  minimum  temperature  To  will 
be  assumed  to  be  — 20°  F.  and  the  maximum  temperature  T^  equal 
to  110°  F.  Therefore,  the  temperature  range  will  be  assumed  to  be 
130°  F.  A  ^-in.  coat  of  ice  is  a  conservative  figure,  making  the  total 
diameter  i  in.  plus  the  diameter  of  the  wire  or  cable.  The  wind 
pressure  for  the  ice-covered  wire  will  be  assumed  to  be  18  lb.  per  sq.  ft. 
(counting  total  diameter  into  length  as  the  exposed  area).  The  modulus 
of  elasticity,  E*,  of  hard-drawn  copper  strands  will  be  taken  as 
16,000,000  lb.  per  sq.  in.  The  coefficient  of  expansion,  a,  per  degree 
Fahrenheit  is  0.00000956. 

*Mr.  F.  O.  Blackwell  has  shown  that  this  vahie  of  E  may  be  as  low  as 
12000000  lb.  per  sq.  in. 
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As  an  example,  a  strand  having  the  following  constants  will  be 
considered : 

Strand  =  37  hard-drawn  copper  wires  about  No.  10  B  &  S ; 
Diameter  =  0.679  in. ; 
Area  =  350,000  cm.  or  0.275  sq.  in. ; 
Weight  =  1.07  lb.  per  lin.  ft; 
Elastic  limit  =  9640  lb.  or  35,000  lb.  per  sq.  in. 
Taking  the  weight  of  ice  as  0.0332  lb.   per  cu.   in.,  the  weight 
per  ft.  of  the  ^-in.  coat  of  ice  on  the  strand  would  be 


0.0332  X  12  X- 
4 


(1.679)2- (0.679): 


0.73  lb. 


Therefore,   the   total   weight  of   and   the   wind  pressure  on   the 
strand  with  its  ice  covering  would  be,  respectively, 

1.07  -f  0.73  =  1.8  lb.  per  foot (46) 

and 

1.679  X  12  X  18  ,,  .     ^ 

^—— ^=2.52  lb.  (47) 
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But  (46)  and  (47)  act  at  right  angles  to  each  other,  and,  therefore, 

the  resultant  force  acting  on  the  strand  is. 


w- 


-^(1.8)2 -f  (2.52)2  =  3.1  lb.  per  lin.  ft. 


The  permissible  strain  in  the  strand,  if  taken  at  two-thirds  the 
elastic  limit,  would  be 

-  X  9640  =  6430  lb. 

3 
Tabulating  the  data  given  above,  together  with  the  quantities  to  be 

determined, 

/    =  length  of  span  =  660  ft. 

/    =  sag  at  minimum  temperature    ( — 20°  F.). 

/i  =  sag  at  higher  temperature. 

H  =  tension  at  lowest  point  of  wire  at  minimum  temperature  = 
6430  lb. 

H^=  tension  at  lowest  point  of  wire  at  higher  temperature. 

zv  =  resultant  weight  ^3.1  lb.  per  ft. 

L  =  length  of  wire  in  span  at  minimum  temperature. 

Li  =  length  of  wire  at  higher  temperature. 

T  =  temperature  range   (=130°   F.). 

a  =  coefficient  of  linear  expansion  for  copper  =  0.00000956. 
From  equation  (32),  we  find  the  sag  at  minimum  temperature  to  be 

l^zv       (660)2  X  3-1 
^  =  W=     8X6430     =^6.24  ft. 
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From   (31),  the  length  of  the  wire  at  minimum  temperature  is 
.L  =  /+gl^66o+'^''"f  =662.78  ft. 

Before  attempting  to  calculate  either  the  deflection  or  the  length 
of  the  cable  at  the  maximum  temperature  (assumed  to  be  iio°F.)  the 
force  acting  on  this  conductor  when  the  ice  load  disappears  must  be 
determined.  The  weight  of  the  cable  is  1.07  lb.  per  linear  ft.  The 
wind  pressure  acting  on  it  (assuming  18  lb.  per  sq.  ft.),  would  be 

0.679  X  12  X  18 

•=  1.02  lb.  per  Im.  ft. 
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Therefore,  as  these  two  forces  act  at  90°  to  each  other,  the 
resultant  force  is 

w,  =\  (1.07)-+  (1.02)-=  1.48  lb.  per  ft. 

We  are  now  ready  to  calculate  the  deflection  of  the  strand  when 
the  thermometer  stands  at  110°  F.,  and  the  wind  is  blowing  at  such  a 
velocity  as  to  produce  on  the  strand  a  pressure  of  18  lb.  per  sq.  ft. 

From  (44)  and  (45),  making  the  required  substitutions,  the 
values  of  M  and  N  are  found  to  be 

M  =  -2i7.5   (48) 

and  _  AT  =  —  3005    (49) 

Substituting  the  numerical  values  given  in  (48)  and  (49), 
equation  (45)  assumes  the  form 

/'-652.5  /i  =  3005 (50) 

The  above  equation  solved  either  by  trial  or  by  Horner's  method^ 
gives  the  value  of  the  maximum  deflection  as 

/i==  27.62  feet  (51) 

From  (41),  the  tension  in  the  strand  when  both  temperature  and 
wind  pressure  reach  a  maximum  value  is 

IHv,        (660)2  X  1.48  ,,  ,     , 

Jf ,    =         /     =: -^ 1J__Z_  =     2920  lb (S2> 

'     8/1         8X27.62        ^  ^^  ^ 

That  is,  the  decrease  in  tension  due  to  rise  in  temperature  is 

H  —  H,  =  6430  —  2920  =  3510  lb (53> 
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As  a  check  on  the  above  vakie,  the  length  of  the  strand  at  maximum 
temperature  will  be  found  following  two  quite  different  methods. 
From  equation   (38) 

L.  =  /  +  ?^  =  660  +  ^f^  ^  663.08  ft (54) 

From  (34)  and  (54) 

8/-  L(H  —  H^ 

==  660  -f  2.78  -\-  0.823  —  0.529. 

=  663.074  ft ^. (55) 

Comparing  the  lengths  as  given  by  (54)  and  (55),  we  can  readily 
see  that  they  are  practically  the  same.  This  close  agreement  very 
clearly  shows  that  the  value  of  the  maximum  deflection  given  in  (52) 
is  the  correct  one. 

VI.     Catenary  Method 

The  question  has  often  been  asked, — are  engineers  justified  in 
assuming  the  curve  subtended  by  a  span  of  wire  to  be  a  parabola 
instead  of  a  true  catenary?  The  writer  will  endeavor  to  answer  this 
question,  giving  a  numerical  illustration.  It  is  not  necessary  to  mention 
short  spans  and  small  sags  because  in  this  case,  as  it  is  well  known, 
for  all  practical  purposes,  the  results  obtained  by  one  or  the  other 
method  are  identical.  To  illustrate  this  point  better,  the  same  350,000 
cm.  copper  strand  will  be  discussed.  The  same  constants  will  be  used ; 
but  the  curve  will  be  regarded  as  a  true  catenary. 

The  tension  H  at  the  lowest  point  of  the  span  can  be  found  using 
equation  (19).     Thus 

T  =  H  -\-  fzv  =  6430  =  //  -|-  26.24  X  3.1  ; 

Therefore, 

H  =  6430  —  81.34  =  6348.66  lb. 

From  equation  (2) 

H     6348.66 

c  =  —  1= =  2048 

w  3.1 

The  approximate  value  of  /  (=26.24  ft.;  see  Table  4)  has  been 
used  above,  because  in  the  present  case  it  can  easily  be  proved  that  10 
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per  cent  error  in  the  value  of  the  deflection  would  cause  but  0.15  per 
cent  error  in  the  value  of  the  tension  constant  c.  This  assumption 
would  be  justified  even  if  considering  the  longest  span  and  the  greatest 
sag  in  existence.  In  the  present  case,  the  error  introduced  is  only 
1.45  per  cent  (see  Table  4)  instead  of  10  per  cent,  and,  therefore,  the 
error  in  the  value  of  c  will  be  less  than  0.02  per  cent. 
From  (14) 


(56) 


Let,  as  before,  /  =  2x  and  L  =  2s. 
Then 


X 


I 


660 


0.1611. 


C        2C       2  X  2048 

jMaking  the  required  substitutions,  equation  (56)  assumes  the  form 


L 


I         ii  r 

—  -    —  0.1611  -  O.ICU 

r'—e    -'J  =2048  le      —e 
=  2048  1. 1 748  —  0.85121=662.74  ft. 


The  values  of  e  in  the  above  were  found  by  interpolation,  using 
Table  5. 

The  deflection  of  the  strand  at  — 20° F  can  be  determined  as 
shown  below. 

c=  V  (2048)2+  (311.37)2  —  2048 
=  26.62  ft. 
Also 


=v 


f=ys^-\-c^ 


i-\ 


e  -]-e 


—  c 


=  1024  1. 1748  4-  0.8512   —  2048  =  26.62  ft. 

(For  values  of  e  see  Table  5.) 

Knowing  very  well  that  the  equations  for  the  catenary  are  most 
unwieldly,  the  writer  had  almost  given  up  hope  of  deducing  accu- 
rate equations  for  length,  sag,  etc.,  which,  considering  the  curve  as 
a  catenary,  would  take  into  account  wind  pressure,  ice  load,  tempera- 
ture changes  and  corresponding  elongation  and  contraction,  etc-    After 
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repeated  failure,  he  succeeded  in  deducing  an  equation,  the  derivation 
of  which  will  be  briefly  given  below. 
Equation  (34)  may  be  written, 


S-t^  =  S  -\~  aST 


s(T-T,) 


AE 


where 

s^  =  half  length  of  wire  at  higher  temperature. 

^    =  half  length  of  wire  at  minimum  temperature. 

T    =  temperature  range. 

T^  =  tension  at  insulator  at  higher  temperature. 
Combining  (20)  and   (16),  solving  for  T^ 


T,= 


Wi    Ci 


e     +  e 


Substituting  this  value  in  (58) 


.?!  =  ^  -|-  uST  


T-'^l^ie''+e     '' 


AE 


From  (14) 


(57) 


(58) 


(59) 


s,  = 


e'^-e  "' 


From  (59)  and  (60) 


AE 


AE 


(60) 


...(61) 


All  the  equations  are  known  except  c^,  and  by  trial  the 
exact  value  of  this  constant  can  be  determined. 

To  show  the  application  of  the  above  formulas  for  the  catenary, 
a  numerical  example  will  be  given.  As  before,  the  same  copper 
strand,  the  same  span,  etc.,  will  be  considered. 

Substituting  the  numerical  values  already  given,  formula  (61) 
assumes  the  form 


33171 


Therefore 


330_ 

i   U  ''  X  0.9999  — 

Ci  =  1872 


1 .000112  e 


(62) 
(63) 
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An  almost  correct  value  of  c^  could  have  been  obtained  using  (27) 
in  the  following  convenient  form 


S  (l  -\-  ar 


33171  =  330 


(330)= 


6c': 


Therefore 


'I.I. 


As  seen,  the  two  values  for  c^  are  almost  identical.  This  holds 
even  for  very  long  spans. 

Subsituting  in  (60)  the  value  of  c^  given  by  the  exact  formula, 
the  length  of  the  cable  is  found  to  be 


L,  =  2S,  =  Ci 


ea  —  e   ci 


=  1872   (1.1928  —  0.8384)=  663. z^4  ft. 
From  (12),  the  deflection  is  found  to  be 

fi=^cl    -f   s'l  _q 

=  ^(1872)2-}-  (331.72)2  —  1872  =  29.17  ft. 

Another  way,  perhaps  more  convenient,  is  to  obtain  the  deflec- 
tion from  (16),  as  follows: 


2 


eei-^-c     «'t' 


-Ci 


=^^ZL( 1. 1928 +  0.8384)  — 1872  =  29.2  ft. 


From  an  inspection  of  Table  4  the  conclusion  is  reached  that 
for  very  long  spans  and  great  sags,  the  deflections  and  tensions 
obtained  by  the  parabola  method  are  by  no  means  as  accurate  as  they 
should  be.  The  present  long  span  and  the  much  longer  span  of  the 
future  require  something  better.  The  writer  believes  that  the  ca- 
tenary method  suggested  is  simple  and  accurate,  and  could  easily  be 
used  in  practice. 
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TABLE  4 

660-FT.  Span.     Sags,  Tensions,  and  Lengths  of  350,000  c.  m.  Hard-drawn 

Copper  Strand. 


Sag   in   Feet 

Catenary 

Te 

mperaturc,— 

-^o''F. 

Te 

mperaiure, 

iio'F 

Pa 

rabola 

Per 

cent    Error        Catenary 

Parabola 

Pe 

r    cent    Error 

C 

P 

(C-P)-f-P                 C 

P 

(C-P)-4-P 

26.62 

26.24 

1.4S                     29.20 
Length  in  Feet 

27.62 

5.72 

C 

P 

(P-C)H-C                C 

P 

(C-P)H-P 

662.74 

662.78 

0.006                 663.44 
Tension  in  Pounds 

663.08 

0.05 

C 

P 

(C-P)^P                C 

P 

(P-C)-f-C 

6430 

6430 

0                      2814 

2920 

3.77 

TABLE  5 
Hyperbolic  Functions 


X 

.r 
c 

.r 

(■ 

Sinh  - 

Cosh  - 

c 

(' 

e 

c 

c 

0.00 

1.0000 

1.0000 

0.0000 

1.0000 

.01 

1.0100 

0.9900 

.0100 

1.0000 

02 

1.0202 

.9802 

.0200 

1.0002 

.03 

1.0305 

.9704 

.0300 

1.0004 

.04 

1.0408— 

.9608 

.0400 

;.ooo8 

.05 

1.0513 

.9512 

.0500 

1.0013 

.06 

1.0618 

.9418 

.0600 

1.0018 

.07 

1.0725 

.9324 

.0701 

1.0025 

.08 

1.0833 

.9231 

.0801 

1.0032 

.09 

1.0942 

.9139 

.0901 

1.0041 

.10 

1.1052 

.9048 

.1002 

1.0050 

.11 

1.1163 

.9858 

.1102 

1.0061 

.12 

1.1275 

.8869 

.1203 

1.0072 

.13 

1.1388 

.8781 

.1304 

1.0085 

.14 

1.1503 

.8694 

.1405 

1.0098 

.15 

1.1618 

.8607 

.1506 

1.0113 

.16 

1.1735 

.8521 

.1607 

1.0128 

.17 

1.1853 

.8437 

.1708 

1.0145 

.18 

1.1972 

.8353 

.1810 

1.0162 

.19 

1.2092 

.8270 

.1911 

1.0181 

.20 

(.2214 

.8187 

.2013 

1.0201 

.21 

1.2337 

.8106 

.2115 

1.0221 

.22 

1.2461 

.8025 

.2218 

1.0243 

.24 

1.2712 

.7866 

.2423 

1.0289 
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STARTING  CURRENTS  OF  TRANSFORMERS 

WITH    SPECIAL    REFERENCE    TO    TRANSFORMERS 
WITH    SILICON    STEEL   CORES 

I.    Introduction 

1.  Preliminary. — It  is  generally  knov/n  that,  iv  closing  the 
primary  circuit  of  a  transformer,  a  transient  effect  may  take  place  in 
the  form  of  a  momentary  rush  of  current,  due  to  the  residual  magnet- 
ism of  the  transformer  iron.  With  the  introduction  of  the  new  silicon 
steel  for  transformer  cores,  with  the  resulting  increase  in  flux  densities, 
this  transient  effect  has  been  materially  magnified,  and  may,  in  some 
cases,  reach  dangerous  proportions. 

It  is  the  object  of  this  bulletin  to  present  some  facts  with  regard  to 
this  phenomenon,  obtained  by  means  of  commercial  apparatus,  and  to 
show  how  to  protect  the  system  from  injury  due  to  this  cause. 

2.  Acknowledgments. — Valuable  assistance  in  the  preparation  of 
the  oscillograms  has  been  rendered  by  Messrs.  C.  E.  Bennett  and  A.  C. 
Hobble,  of  the  Electrical  Engineering  Department. 

3.  Theory. 

(a)  Inductance  zvithotit  Iron. — If  an  alternating  e.  m.  f. 
e  =  E^^^  sin  6,  be  impressed  upon  a  circuit  containing  resistance  and  in- 
ductance without  iron,  in  series,  this  impressed  e.  m.  f.  will  be  consumed 
by  the  counter  e.  m.  f .  of  the  inductance,  and  by  the  drop  through  the 
resistance,  and  this  must  be  true  at  every  instant,  i.  e.,  for  every  point 
of  the  impressed  e.  m.  f.  wave.     We  have,  therefore, 

e  =  E^^^sme  =  L   |  +  Ri ..(i) 

where 

6  is  the  phase  angle  of  the  impressed  e.  m.  f.  =  27r  ft. 
Since 

di       di   do       di         j. 

Jt^Jd  di^  Je^'^' 

L  —    ^2TrfL-^=X     -,1 ,  where  X    =  inductive  reactance 

dt  ^      do  ^  dO  ^ 

E^,^  s'mOdO^  X^  di  +  Rid  0 
-E^^^d  {cos  0)=X^di-^  Rid  0 


and 
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di  =  —  -^d  {cos  6)—^  id  6 (2) 

If  the  circuit  be  closed  at  that  point  of  the  e.  m.  f.  wave  where 
e  =  E^^^,  i.  e.,  when  ^^90°==—  ,  and  if  the  resistance  drop  be 
assumed  negHgible,  (2)  becomes 

di  =  -^^d{cose) (3) 

L 

If  the  circuit  be  closed  at  different  points  of  the  e.  m.  f.  wave,  the 
current  will  rise  to  diff'erent  values,  and  these  values  can  now  readily 
be  investigated  by  means  of  the  last  equation. 

Suppose  for  instance,  that  we  close  the  circuit  at  the  90°  point  of 
the  e.  m.  f .  wave,  i.  e.,  when  the  e.  m.  f.  is  a  maximum. 
Integrating  (3)  from  tt/2  to  -n- 


I     di  =  —  ^^^  I     , 


d  (cos  6)  =^^ 


which  is  the  maximum  current  reached,  since  integrating  from    -     to 
tr  -\-  a,  where  a  is  a  constant,  less  than  2  tt,  results  in  a  value  less  than 

showing  that  the  current  decreases  from  this  point. 

Suppose,  in  the  next  case,  that  the  circuit  be  closed  at  the  0° 
point  of  the  e.  m.  f.   wave,  i.  e.,  when  e  =  0  and  ^  ^  o. 

Integratmg  (3)  from  o  to   —    gives 


r-     E  p 


d  {cos  6)  = 


E 

max 


X, 


d  {cose)  =  +  2^ 


the  same  as  before. 

Integrating  from  o  to  tt,  however, 

«y  0  0 

i.  e.,  the  maximum  current  obtained  in  this  case  is  twice  that  obtained 
when  the  circuit  is  closed  at  the  90°  point  of  the  e.  m.  f.  wave. 

In  a  similar  way  it  can  be  shown  that  by  closing  the  circuit  at  any 
other  point  of  the  e.  m.  f.  wave,  the  maximum  current  reached  will  lie 
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between 

E  E 

t^^  and  2:=^^ 

In  general,  the  current  assumes  its  normal  value  only  when  the 
circuit  is  closed  at  that  point  of  the  impressed  e.  m.  f.  wave,  where 
the  permanent  value  of  the  current  is  zero.  In  the  above  case,  where 
there  is  negligible  resistance,  this  is  the  90°  point  of  the  wave.  The 
effect  of  the  resistance  is  to  move  this  point  towards  the  zero  point. 

(b)  Inductance  with  Iron. — The  above  calculations  assume  a 
constant  inductance,  i.  e.,  a  straight  line  magnetization  curve,  obtained 
by  using  an  inductance  without  magnetic  material  as  core.  If  an  iron 
core  be  employed,  such  as  is  the  case  with  the  ordinary  induction  coil 
or  the  transformer,  the  inductance  is  not  constant.  As  the  flux 
density  increases,  the  inductance  decreases,  until  the  iron  is  perfectly 
saturated.  After  this  point  is  reached,  the  inductance  remains  constant 
at  a  small  value,  depending  only  upon  the  flux  passing  between  the 
coil  and  the  core  through  the  air  or  non-magnetic  material. 

Since  the  flux  is  not  any  longer  proportional  to  the  current,  the 
counter  e.  m.  f.  due  to  the  inductance  must  be  written 

where  B  =  flux  density  and  A  =  constant, 
instead  of 

,  di         ,,   di 

L^   or  A   ^- 

dt  •'  de 

and  equation  (i)  becomes 

e=^E^^^sme  =  A^+Ri (4) 

—  £„,,  d  (cos  6)  =  AdB  +  Rid  6 

dB  =  —  ^^d  (cose)—  ^ide (5) 

Under  normal  conditions,  the  resistance  drop  due  to  the  magnetizing 
current  of  a  transformer  is  negligible,  and 

dB  =  ^  d  (cos  6) 

The  normal  maximum  value  of  B  is  then  obtained  by  integrating  dB 


from    -    to 


X 


^5  =  5_  =  -£^, 
A 


T      E 

cose  I    =-^ 


; 
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^  =  5_and^=-gS- 


(6) 


Substituting  (6)  in  (5) 

dB  =  -B^,,d  (cos  d) 


B 


^^Ride    (7) 


Since  the  relation  between  the  magnetizing  current  and  the 
resuhing  flux  can  not  be  expressed  mathematically  in  any  practical 
equation,  the  magnetizing  current  necessary  to  produce  the  required 
flux  according  to  the  above  equation  can  be  determined  only  analyt- 
ically, as  follows : 


/9  r-t'S/daaJ 


Fig.    I 

Suppose  Fig.  I  to  represent  the  saturation  curve  of  a  transformer 
and  the  hysteresis  loop  for  normal  voltage  and  frequency.  The  hys- 
teresis loop  shows  what  residual  magnetism  remains  in  the  iron  after 
the  current  has  been  removed,  oh  and  od  represent  this  residual 
magnetism,  depending  upon  whether  the  current  has  died  down  from  a 
positive  or  a  negative  value. 

Suppose  the  circuit  is  closed  when  the  impressed  e  m.  f.  passes 
through  0  from  negative  to  positive,  i.  e.,  Q  ==  0,  and  that  the  residual 
magnetism  is  oh.  It  is  evident  then  that  the  change  of  flux  to  pro- 
duce the  counter  e.  m.  f.  must  start  from  h.  If  equation  (7)  be  re- 
written in  the  form 


aB^  —  B. 


A  (cos^)  -  ^^RiA6 


(8) 


and  small  intervals  of  6,  say  10°,  be  taken,  the  actual  conditions  can 
very  nearly  be  approached.  Starting  from  b,  the  flux  will  follow  a 
curve,  such  as  the  dashed  curve  between  b  and  a,  and  will  continue  on 
the  saturation  curve.     From  equation   (8),  A  5  can  be  calculated  for 
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each  increment  of  lo",  starting  from  0°  in  this  case,  and  from  Fig.  i 
can  be  obtained  the  corresponding  magnetizing  current  required  to 
produce  the  total  flux,  B^  -f  AB,  5,  being  the  total  flux  at  the  beginning 
of  the  interval.  After  having  determined  the  magnetizing  current,  the 
resistance  drop  effect  is  calculated,  equal  to 

B 


P     Ri^e (9) 

■'-'max 

This  will,  however,  reduce  the  value  of  A  B,  and  a  few  trials  will  have 
to  be  made  before  the  correct  value  of  A  5  is  found. 

Proceeding  in  this  manner,  the  flux  and  the  corresponding  mag- 
netizing current  may  be  determined  for  any  number  of  cycles.  For 
decreasing  values  of  flux,  the  upper  dashed  curve  in  Fig.  i  has  to  be 
used.  It  will  be  found  that  the  magnetizing  current  may  reach  for- 
midable values  under  unfavorable  conditions,  particularly  for  the  first 
cycle.  The  amplitude  of  the  peaks  decreases  rapidly,  the  more  so  the 
larger  the  amplitude  of  the  first  peak,  on  account  of  the  more  pro- 
nounced eflfect  of  the  resistance  in  that  case. 

4.  Method  of  Investigation. — In  Part  II  (a)  will  be  taken  up 
the  actual  measurements  of  the  magnetizing  current  of  a  transformer 
upon  closing  the  primary  circuit  at  a  predetermined  point  of  the  e.  m.  f . 
wave,  and  with  a  known  residual  magnetism  in  the  iron.  These  meas- 
urements were  made  by  means  of  oscillograms,  showing  the  impressed 
e.  m.  f.,  the  primary  magnetizing  current,  and  the  secondary  induced 
e.  m.  f. 

Part  II  {b)  takes  up  the  calculations  of  the  flux  and  magnetizing 
current  for  the  conditions  under  which  the  oscillograms  were  taken. 
In  order  to  do  this,  all  the  characteristics  of  the  circuit  and  transformer 
having  any  bearing  upon  the  magnetizing  current  were  carefully  ob- 
tained. The  curves  plotted  show  that  there  is  very  close  agreement 
between  the  actual  curves,  as  obtained  by  means  of  the  oscillograms, 
and  the  calculated  curves  as  obtained  by  means  of  the  circuit  and 
transformer  characteristics.  This  agreement  shows  that  it  is  possible 
to  make  calculations  of  these  phenomena,  that  can  be  fully  relied  upon, 
and  that  it  is  unnecessary  to  resort  to  the  oscillograph  in  order  to 
obtain  reliable  results.  It  was  therefore  deemed  sufficient  for  the 
investigation  of  the  rest  of  the  transformers,  covered  by  this  bulletin, 
to  obtain  the  transformer  data  necessary  to  make  the  calculations 
as  shown  in  Part  III.  These  calculations  cover  the  most  critical  condi- 
tion only,  namely,  the  rush  of  current  upon  closing  the  circuit  at  the  0° 
point  of  the  e.  m.  f.  wave  with  the  residual  magnetism  in  the  same 
direction  in  which  the  increase  of  flux  will  take  place  upon  closing 
the  circuit. 
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In  Part  IV,  is  given  the  result  of  placing  a  resistance  or  air  core 
inductance  in  series  with  the  transformer,  and  it  is  shown  how  to  cal- 
culate a  resistance  or  inductance  sufficient  to  limit  the  rush  of  current 
to  safe  values. 

II.     (a)    Actual  Measurements  of  Phenomena  by  Means  of 

Oscillograms. 

5.  Connections. — Fig.  2  is  a  diagram  of  the  connections  used  for 
obtaining  the  oscillograms.  G  is  a  10  kw.  440-v.  alternator,  60  cycles, 
with  taps,  so  as  to  give  either  3-phase  or  2-phase  current,  as  shown  in 
Fig.  2a.  Taps  i,  3  and  5  are  used  for  3-phase,  taps  1-4,  2-6,  for  2-phase. 
The  closing  switch  was  designed  and  built  specially  for  the  investiga- 
tion of  these  phenomena.^  It  was  attached  to  the  end  of  the  generator 


/fes/s^aoce  T'/'afjsforrhe'r 


C/osin^  .5 mi /eh} 


/v^^w^-@-T 


4€r©  ©|<xx>— 


shaft,  and  can  be  set  so  as  to  close  the  circuit  at  any  predetermined 
point  of  the  e.  m.  f ,  wave.  However,  it  would  not  operate  satisfactorily 
at  the  normal  speed  of  the  generator,  1800  r.  p.  m.  A  speed  of  650 
r.  p.  m.  was  finally  decided  upon,  which  resulted  in  a  frequency  of  22 
cycles. 

6.  Transformer. — A  5-kw.  60  cycles  2200,  1100/220,  iio-volt 
transformer  of  the  newest  type  was  used  in  this  test.  It  was  connected 
for  no  volts  primary,  i.  e.,  with  the  low  tension  coils  in  parallel.  As 
the  normal  frequency  is  60  cycles,  and  22  cycles  was  used,  the  voltage 
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had  to  be  reduced  in  proportion,  i.  e.,  the  impressed  voltage  was 

22 
no  X  TT"  =40  volts,    to  give  normal  magnetizing  current. 

(X) 

As  it  was  desirable  to  use  as  stiff  a  held  as  possible  in  the  gener- 
ator, in  order  to  prevent  too  much  of  a  voltage  drop  upon  closing  the 
transformer  circuit,  taps  2-3,  (Fig.  2a),  were  used,  giving  40  volts  with 
about  full  field  and  650  r.  p.  m.  The  oscillograms  show  that  the  voltage 
is  kept  up  fairly  well  at  the  maximum  rush  of  current. 

7.  Residual  Magnetism. — The  normal  magnetizing  current  was  ob- 
tained by  impressing  no  volts  at  60  cycles  upon  the  transformer.  The 
result  is  shown  in  the  following  table. 


Table  i 


Volts 

Current 

Watts 

Freq 

E 

/ex 

W 

F 

no 

.90 

46.5 

60 

The  maximum  value  of  the  exciting  current  =  .90  X  V  2  =  1.27  am- 
peres, and  this  is  the  current  that  produces  the  normal  residual  mag- 
netism. 

A  series  of  experiments  was  made  to  ascertain  the  decrease  of 
the  residual  magnetism  after  the  removal  of  the  e.  m.  f.  These 
experiments  are  described  in  the  Appendix.  The  following  results 
were  obtained : 

1.  There  is  no  decrease  in  the  residual  magnetism  of  transform- 
ers under  normal  conditions. 

2.  The  decrease  of  residual  magnetism  due  to  vibration  or  shock 
is  very  small,  almost  negligible. 

The  oscillograms  zverc  taken  zvith  a  residual  magnetism  in  the  iron 
that  would  remain  after  the  removal  of  the  normal  voltage  at  normal 
frequency,  which  would  be  the  case  under  normal  operating  con- 
ditions. 

This  residual  magnetism  was  produced  by  means  of  direct  current 
from  a  storage  battery,  as  shown  in  Fig.  2.  The  current  used  was  that 
corresponding  to  the  normal  exciting  current  of  the  transformer,  the 
maximum  value  of  which  is  1.27  amp.  Hence  1.27  amp.  D.  C.  was 
used. 

By  means  of  a  reversing  switch,  S.^,  the  current  could  be  reversed, 
producing  a  residual  magnetism  in  the  opposite  direction.  In  order  to 
be  sure  that  the  correct  residual  magnetism  was  produced,  the  iron  was 
sent  through  the  regular  hysteresis  loop  a  number  of  times,  at  least 
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ten,  by  reversing  the  current  by  means  of  switch  S^.  Let  Fig.  3  rep- 
resent the  normal  hysteresis  loop.  Suppose  the  residual  magnetism,  at 
the  beginning,  is  at  2'.  Sending  -\-I^  amperes  through  the  transformer 
increases  the  magnetism  to  i'  along  the  lower  dashed  curve.  Opening 
the  switch  decreases  the  magnetism  to  2'.  Reversing  the  switch  brings  it 
near  3.  Again  opening  the  switch  brings  it  near  4.  Going  through 
the  same  operations,  the  loop  will  approach  1-2-3-4  and,  after  a  few 
reversals,  practically  coincide  with  it.  so  that  when  the  switch  is  finally 
opened,  the  residual  magnetism  will  be  0-2  or  0-4.  according  to  whether 
the  last  current  was  -}- 1^  or  —  I^. 


Fig  3 

8.     The  Oscillograms. — Out  of  a  total  number  of  eleven  oscillo- 
grams  taken,    four   are   here   reproduced,   as    follows : 
Oscil.  7.  Circuit  closed  at  0°  point  of  e.  m.  f .  wave. 
Residual  magnetism,  positive. 
Maximum  rush  of  current  ^52.1  amp. 
Oscil.  9.  Circuit  closed  at    90°    point    (more    accurately  85°  point) 
of  e.  m.  f.  wave. 
Residual  magnetism,  positive. 
Maximum  rush  of  current  =  18.0  amp. 
Oscil.  8   (a)*  Circuit  closed  at  0°  point  of  e.  m.  f.  wave. 
Residual  magnetism,  negative. 
Maximum  rush  of  current  =  3.78  amp. 
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8  (&)*     Same  conditions. 

Maximum  rush  of  current,  unknown. 
Oscil.  4.     Circuit  closed  at  0°  point  of  e.  m.  f.  wave. 
Residual  magnetism,  uncertain. 
Maximum  rush  of  current  =  32.0  amp. 
By  positive  residual  magnetism  is  meant  that  the  magnetism  was  in  the 
same   direction    in   which   the   flux   would   increase   upon   closing  the 
circuit. 

II.    (b)    Theoretical  Calculations  from  Transformer  Data. 

9.  Magnetization  Curves  and  Hysteresis  Loop. — These  were  ob- 
tained in  the  following  way.  The  transformer  was  connected  as  shown 
in  Fig.  4.    Direct  current  from  a  storage  battery  was  supplied  the  high 


Transfor/ner- 


@ — '    NmmN^ 


Fig.   4 

tension  side  P  of  the  transformer  through  a  reversing  switch,  S,  and 
a  resistance  R^.  The  low  tension  side  was  connected  to  a  high  resist- 
ance R,  and  a  D'Arsonval  galvanometer,  connected  across  a  small  part 
of  the  resistance,  with  a  very  high  resistance  in  series.  A  change  of 
flux  in  the  transformer  would  then  produce  a  deflection  of  the  galvano- 
meter coil,  proportional  to  the  total  change  of  flux.  R,  R^  and  r  were 
not  changed  during  the  experiment,  so  that  the  deflections  obtained,  mul- 
tiplied by  a  constant  K,  gave  the  flux  density  in  the  transformer  core. 
In  this  investigation,  the  absolute  flux  density  in  gausses  was  not  cal- 
culated, as  it  is  only  the  relative  flux  values  that  are  needed.  The  flux 
density  is  therefore,  throughout  this  bulletin,  expressed  as  a  galvano- 
meter deflection  multiplied  by  a  constant,  K,  K^,  Kn,  etc.  for  different 
transformers. 

To  obtain  the  curves,  the  desired  current  was  sent  through  the 
transformer  primary,  reversed  a  number  of  times  to  be  sure  that  the 
iron  had  entered  the  corresponding  loop,  and  the  current  left  on  in  the 

*NoTE. — Two  exposures  were  made  on  Oscil.  8:  8  (a)  in  which  the  cur- 
rent only  appeared;  8  (b)  containing  all  quantities.  The  two  exposures  have 
been  traced  separately. 
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Fig.  5.     Magxetizatiox  Curve  and  Hysteresis  Loop  for  Transformer  A. 
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positive  direction,  corresponding  to  point  i  in  Fig.  3.  The  galvano- 
meter was  then  connected.  Opening  the  circuit,  the  resulting  deflection 
corresponded  to  a  change  of  flux  1-2,  reversing  the  current  produced 
a  change  2-3 ;  opening  it  produced  a  change  3-4 ;  again  reversing  it  pro- 
duced a  change  4-1,  completing  the  loop. 

Fig.  5  shows  the  hysteresis  loop  and  magnetization  curves  for  the 
transformer  used  for  the  oscillograms.  It  was  obtained  by  the  method 
explained  above.  As  an  example,  is  given  the  galvanometer  deflec- 
tions for  1.22  amp. 


Current 


Table 

2 

lange 

Deflection 
=  A  (A  X  A^ 

T^max 

Resid.  Mag. 
4> 

1-2 

2-3 
3-4 
4-1 

9-5 
50.0 

9-5 
50.0 

'r-^9.75 
=t'--9.75 

29-75— 9-5 
=  20.25 

1.22 


The  saturation  curve  was  carried  up  to  119  amp.  It  is  seen  that 
at  this  point  the  curve  has  become  a  straight  line,  which  means  that  the 
iron  has  become  saturated,  and  the  increase  in  flux  is  taking  place 
only  in  the  non-magnetic  space  between  the  iron  and  coil.  Conse- 
quently, the  curve  can  be  extended  indefinitely. 
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Fig.  6.    Rush  of  Currext  on  Closing  the  Prim.vry  Circuit  of  Transformer  A. 
Circuit  closed  at  0°  point  of  e.  m.   f.  wave.     Residual  magnetism  ^  -\-  20  V.  K. 
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9.     Calculations. — The  data  needed   for  the  calculations  of  the 
magnetizing  current  are  as  follows  : 

1.  Normal  hysteresis  loop ; 

2.  Magnetization  curve  up  to  straight  line  relation ; 

3.  Total  effective  voltage  impressed  upon  the  transformer  circuit; 

4.  Total  resistance  of  circuit ; 

5.  Total  inductance  of  circuit. 

Sine  wave  e.  m.  f.  is  assumed  in  these  calculations.     Equation   (8), 
gives  the  relation : 


aB  =  —  B^^^  a  (cos  6)  —  ^  Ri  A  e 


(8) 


assuming  the  circuit  to  have  negligible  inductance  outside  the  trans- 
former. 
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Fig.  7.  Rush  of  Current  on  Closing  the  Primj\ry  Circuit  of  Transformer  A. 
Circuit  closed  at  85°  of  e.  m.  f .  wave.     Residual  magnetism  equals  +  20  X  iC. 
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B  =  flux,  B^^^  =  max.  flux  of  normal  hysteresis  loop ; 

■£max  =  iTiax.  impressed  e.  m.  f.  =  y^2E^^^; 

R  =  total  resistance  of  circuit; 

»■=  instantaneous  value  of  magnetizing  current. 

In  the  present  case, 

^max  (from  Fig.  5)  =29.5  X  K,  where  i^  =  const. 

£,„  =  40  volts.    E^^^  =  ^2  X  40  =  56.5  volts. 

R  =  .745  ohms. 
Substituting  in  (8),  for  increments  of  6  of  10°,  i.  e.  A  ^  =  10° 
radians, 

AB  =  —  29.5  i^  A  (cos  ^)  —  .0685  K  i. 
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In  Table  3  are  given  the  calculations  for  a  number  of  different 
conditions,  viz., 

Conditions 


Closing 

Point 

on  e.  m.  f. 

Residual 

Impressed 

Frequency 

Resist,  of 

wave 

Magnetism 

e.  m.  f.    ,, 

ef  f 

Cycles/Sec. 

Circuit 

Columns    4  to    7 

0° 

+  20  K 

40  volts 

22 

•745 

Columns    8  to  1 1 

85° 

+  20  K 

40  volts 

22 

•745 

Columns  12  to  15 

90° 

+  20  K 

40  volts 

22 

•745 

Columns  16  to  19 

0° 

—  20  K 

40  volts 

22 

•745 

Columns  20  to  23 

90° 

—  20  K 

40  volts 

22 

•  745 

These  conditions  correspond   to  those  under  which   the  oscillograms 
were  taken. 
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Fig.  10.  Rush  of  Current  on  Closing  the  Primary  Circuit  of  Transformer  A. 
Circuit  closed  at  90°  point  of  the  e.  m.  f.  wave.  Residual  magnetism  =  —  20  X  i^. 

In  Fig.  II  are  plotted  the  calculated  values  of  current,  flux  and 
impressed  e.  m.  f.  for  the  various  conditions,  to  the  same  scale,  in 
order  to  compare  readily  the  effect  of  the  closing  point  and  the  resi- 
dual magnetism.  Fig.  11  is  a  summary  of  Fig.  6  to  10  inclusive  and 
Table  3. 

no,  corresponds  to  Table  3,  Columns      4-7,  and  Fig.  6. 

II &  corresponds  to  Table  3,  Columns  12-15,  and  Fig.  8. 

lie  corresponds  to  Table  3,  Columns  16-19,  ^^d  Fig.  9. 

i\d  corresponds  to  Table  3,  Columns  20-23,  and  Fig.  10. 

we  represents  the  condition  in  which  the  circuit  is  closed  at  the 
90°  point  of  the  e.  m.  f .  wave  with  no  residual  magnetism.  This  is  the 
condition  for  normal  closing,  since  the  flux  and  current  then  will  enter 
at  once  upon  their  normal  path.  The  same  result  would  be  obtained 
under  conditions  of  Fig.  iia.  if  the  initial  magnetism  were  negative 
maximum;  under  conditions  in  Fig.  11^,  if  the  initial  magnetism  were 
o;  under  conditions  of  Fig.  iic,  if  the  initial  magnetism  were  negative 
maximum,  and  under  conditions  of  Fig.  i\d  if  the  initial  magnetism 
were  o.   It  is  seen  that  the  closer  the  conditions  come  to  these  normal 
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conditions,  the  less  rush  of  current  takes  place.  Fig.  iic  comes  very 
close  to  these  normal  conditions,  while  Fig.  iia  is  farthest  away.  Fig. 
lib  and  d  are  practically  identical,  with  the  exception  that  in  Fig.  lib 
the  rush  of  current  is  positive,  while  in  Fig.  iid  it  is  negative. 

10.  Agreement  betzveen  Oscillograms  and  Calculated  Curves. — 
The  values  of  flux  and  current  from  Table  3  have  been  plotted  in  Fig. 
6  to  10  inclusive,  together  with  the  actual  currents,  as  given  by  the 
oscillograms.  The  full  lines  give  the  calculated  currents.  The  dashed 
lines  give  the  calculated  flux.    The  dotted  lines  give  the  actual  currents. 

From  these  plates  it  may  be  seen  that  the  agreement  between 
the  actual  curves  and  the  calculated  curves  is  very  close.  Indeed,  for 
the  first  case,  corresponding  to  Oscil.  7  and  Table  3,  Columns  4-7, 
the  two  current  curves  practically  coincide.  For  the  second  case,  cor- 
responding to  Oscil.  9  and  Table  3,  Columns  12-15,  the  maximum  dis- 
agreement is  only  4.5  per  cent,  while  in  the  third  case,  corresponding 
to  Oscil.  8a  and  Table  3,  Columns  16-19,  the  disagreement  is  25  per 
cent. 

The  closer  agreement  in  the  first  case  was  to  be  expected,  con- 
sidering that  a  small  variation  in  the  residual  magnetism  in  Oscil.  8 
would  have  a  greater  effect  than  in  Oscil.  7,  on  account  of  the  dampen- 
ing effect  of  the  resistance  in  7,  while  the  resistance  has  practically  no 
effect  in  8.  While  the  attempt  was  made  to  have  the  residual  magnetism 
constant  in  all  cases,  it  is  possible  that  it  may  have  varied  a  small 
amount.  Assume,  for  instance,  that  the  residual  magnetism  for  Oscil. 
8  was  —  18.0  K  instead  of  —  20  K,  the  maximum  positive  flux  would 
be  approximately  37.8  -f-  2.0  =  39.8  K  corresponding  to  a  current  of 
3.75  amp.  (instead  of  2.8  amp.)  which  is  the  current  shown  by  the 
oscillogram. 

However,  the  agreement  between  the  oscillograms  and  the  calcula- 
tions is  such  as  to  warrant  the  conclusion  that  reliable  results  of  the 
starting  current  of  transformers  can  be  obtained  by  calculations,  if  the 
complete  data  of  the  transformer  and  circuits  are  at  hand,  as  tabulated 
on  p.  15. 

III.    Calculation  of  Maximum  Starting  Current  of  Trans- 
formers OF  Various  Types  and  Makes. 


In  the  preceding  section,  have  been  given  the  starting  currents 
of  a  iio-volt  60-cycles  transformer  by  impressing  upon  it  40  volts  at 
22  cycles.  While  this  resulted  in  normal  magnetizing  currents  under 
normal   operating   conditions,    the   percentage   of    resistance    drop   in 
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terms  of  total  impressed  e.  m.  f.  is  much  greater  for  the  same  current 
than  if  no  volts  were  impressed. 

For  no  volts,  60  cycles,  equation  (8)  takes  the  following  form: 
(the  resistance  of  the  circuit  remaining  .745  ohms) 

29.  c  K 
A  S  =  —  29.5  K  A  (cos  6)  —  — ^—^   Ri  A  e 

110^/2 

A  5  =  —  29.5  K  A  (cos  6)  —  .025  Ki 

which  shows  that  the  effect  of  the  resistance  in  decreasing  A  B,  and 
consequently  the  current,  is  decreased  by  110/40,  or  in  proportion  to 
the  voltage. 

In  this  section,  calculations  are  given  for  the  case  in  which  the 
transformers  are  connected  directly  to  constant  potential  busbars 
with  sufficient  power  behind  to  maintain  the  voltage  constant  in  spite 
of  large  starting  currents.  The  potential  in  this  case  is  the  normal 
voltage  of  the  transformers,  and  the  resistance  of  the  leads  is  assumed 
negligible. 

The  following  transformers  have  been  treated: 


Capacity 

K.V.A. 

VOLTS 

Freq. 
60 

Make 
X 

Year  of 
Mfg. 

Designation 

Primary 

Secondary 

Remarks 

Transformer  A 

5 

2200/ II GO 

220/110 

1910 

Same 

transfor- 

mer as 

was  used 

in  obtain- 

ing oscil- 

lograms. 

Transformer  B 

5 

2080/1040 

460/230 

60 

X 

Old 
Type 

Transformer  C 

SO 

?200/lI00 

440/220 

60 

Y 

1910 

Transformer  D 

7K2 

440 

no 

60 

Y 

Old 
Type 

Transformer  E 

15 

440/220 

220/110 

60 

Z 

1911 

The  transformers  will  now  be  taken  up  in  order,  and  the  current 
calculated  for  the  case  where  the  circuit  is  closed  at  the  0°  point  of 
the  e.  m.  f.  wave,  with  the  residual  magnetism  positive,  i.  e.,  for  the 
conditions  of  Oscil.  7,  which  give  the  maximum  rush  of  current. 


Transformer  A 


5-kw.,  2200,  1100/220,  no  volts,  60  cycles,  new  type, 
no-volt  winding  used  as  primary. 
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Data 

Hysteresis  loop  and  magnetization  curve  are  given  in 

Fig-  5- 
Normal  effective  voltage  =  i  lo  volts. 
Resistance  of   circuit  =  resistance  of  transformer  = 

.0253  ohms. 
Maximum   value   of   normal   exciting   current  =1.27 
amp. 
Hence  equation  (8)  becomes 

A  5  =  —  29.5  i^  A  (cos  ^)  —  .00084  Ki. 

Table  4  gives  the  calculations  for  this  and  the  following  cases  from  o 
to  200°.    For  transformer  A,  it  gives  a  maximum  current  of  390  amp., 

while  the  maximum  value  of  the  full  load  current  is  only  ^2  X45  = 

64.3  amp.,  i.  e.,  the  maximum  rush  of  current  is  6.1  times  normal 
full  load. 

Transformer  B 


Data 


From  Fig.  12 


5-kw.  2080,  1040/460,  230  v.,  60  cycles,  old  type,  2080- 
volt  winding  used  as  primary. 

Hysteresis  Joop  and  magnetization  curve  are  given  in 

Fig.  12. 
Normal  eff.  e.  m.  f .  =  2080  volts. 
Resistance    of    transf.     (2080-volt    winding)  =  9.35 

ohms. 
Maximum    value   of    normal    exciting    current  =  0.1 

amp. 


B^,,  =  26.2s  XK, 

Normal   residual  magnetism  =  20.0  X  ^4- 

^n,ax  =  ^2  X  2080  =  2940. 
Equation  (8)  becomes 

AB  =  —  26.25  X  -^4  A  (cos  0)  —  .0146  KJ. 
From  Table  4,  Columns  8-1 1,  the  maximum  current  is  13.5  amp.  or 
about  4  times   the    maximum   value   of   the    full   load   current,    viz., 
V2  X  2.4  =  3.4  amp. 

Transformer  C 

50  kw.  2200,  1100/440,  220  volts,  60  cycles,  new  type, 
2200-volt  side  used  as  primary. 
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Fig  12.     Magnetization  Curve  and  Hysteresis  Loop  of  Transformer  B. 
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Data 


Hysteresis  loop  and  magnetization  curve  are  given  in 

Fig-  13- 
Normal  eft',  e.  m.  f.  =  2200  volts. 
Resistance  of  transformer  (2200-volt  winding)  =  .446 

ohms. 
Maximum  value  of  normal  exciting  current  =  .5  amp. 


From  Fig.  13 


S^ 
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I 
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-eo 


-OS  0  05  /^  /s  2  0  es 

Fig.  13.    Magnetization  Curve  and  Hysteresis  Loop  for  Transformer  C. 
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5„ 


20.7S  K 


Normal  residual  magnetism  =  15.25  K^ 

Ermx  =  \/2  X  2200  =  3IIO   VOltS 

Equation  (8)  becomes 

A  5  =  —  20.75  ^2  ^  (c'^s  6)  —  .00052  K^  i 

From  Table  4,  Columns  12-15,  ^^e  maximum  current  is  235  amp.  or 
about  7.3  times  the  maximum  value  of  the  normal  full  load  current, 
viz.,  J  2  X  22.-/  =  32.1  amp. 
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Fig.  14.    Magnetization  Curve  and  Hysteresis  Loop  for  Transformer  D. 
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5  Kw.  110  Volts,  Impressed  at  6o  Cycles 

Residual  Magnetism  =  +  20.0  K 
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^2  ILLINOIS    ENGINEERING    EXPERIMENT    STATION 

Transformer  D 

7y2-k\x.  440/110  volts,   60  "cycles,  old   type,  440-volt 
side  used  as  primary. 


Data 


From  Fig.  14 


Hysteresis  loop  and  magnetization  curve  are  given  in 

Fig.  14. 
Normal  eff.  e.  m.  f .  =  440  volts. 
Resistance  of  transformer    (440  volt-winding)  =  .26 

ohms. 
Maximum   value   of   normal    exciting   current  =  .655 

amp. 


^max  =  33.0  X  K, 

Normal  residual  magnetism  =  28.0  iv^ 

^max  =  -y/2  X  440  =  622.5    volts. 

Equation  (8)  becomes 

AB  =  —  33  A'j  A  (cos  6)  —  .0024  K^  i 

From  Table  4,  Columns   16-19,  the  maximum  current  is  62  amp.  or 

about  2.6  times  normal  full  load  current,  viz.,  -J  2  X  17  =  24.1  amp. 

Transformer  E 

440,  220/220,  1 10  volts,  60  cycles,  new  type,  440-volt 
side  used  as  primary. 


Data 


From  Fig.  15 


Hysteresis  loop  and  magnetization  curve  are  given  in 

Fig-  15- 
Normal  eff.  e.  m.  f .  =  440  volts. 
Resistance  of  transformer  (440-volt  winding)  =  .193 

ohms. 
Maximum  value  of  normal  exciting  current  =  .87  amp. 

5..X  =38.oi^3 

Normal  residual  magnetism  =  25.0  K^ 

^max  =-^2  X  440  =  622.5    volts 
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Equation  (8)  becomes 

A  5  =  —  38.0  /V3  A  (cos  (9)  —  .0021  KJ 
From  Table  4,  Columns  20-23,  the  maximum  current  is  255  amp.  or 
5.3^  times  the  maximum  vahie  of  the  normal  full  load  current,  viz., 
-y/2  X  34-1  =  48.2  amp. 
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Fig.  15.    Magnetization  Curve  and  Hysteresis  Loop  for  Transformer  E. 
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IV.     Effect  of  Resistance  and  Inductance  in  Series  with 
Transformer  Primary. 

In  the  preceding  section,  have  been  presented  the  results  of  con- 
necting some  transformers  directly  to  the  busbars  with  negligible 
resistance  in  the  leads.  It  was  shown  that  with  the  old  type  of  trans- 
formers, the  initial  rush  of  current  may  amount  to  two  to  four  times 
normal  full  load  current,  while  with  the  new  type,  with  silicon  steel 
cores,  the  initial  rush  may  exceed  seven  times  full  load  current. 

The  only  remedy  for  reducing  these  abnormal  currents,  where  the 
transformer  is  to  be  connected  to  constant  potential  busbars,  is  the 
introduction  of  resistance  or  inductance  in  series  with  the  primary 
winding,  i.  e.,  that  side  of  the  transformer  which  is  to  be  connected  to- 

wwws mmin      ^^^^^'^^^^ 


-\ r'VWVVYVV'T [MUJOUmm/| r 

■max. 


7& 


Fig.  i6. 

the  power  station.  This  inductance  or  resistance  will  take  care  of  a 
part  of  the  impressed  e.  m.  f.,  leaving  only  a  fraction  of  it  to  be  taken 
care  of  by  the  counter  e.  m.  f.  of  the  transformer.  This  is  shown 
diagrammatically  in  Fig.  i6.     The  general  equation  then  is 

^         .     „         .  dB        ^.    di     ,    T^.  .     . 

E^.^s:ne-A^+X^j^+R,  (10) 

which,  if  solved  for  A  5  in  the  same  way  as  in  Part  I,  gives 

A5  =  -5_A(cos^)-f^X^    {Ai)-^Ri{Ae)    (II) 

max  '  ^max 

This  reduces  to   (8)  if  .Y     is  negligible. 

R  is  the  total  resistance  of  the  circuit,  including  the  transformer  pri- 
mary, and  Xl    is  the  inductive  reactance  outside  the  transformer. 

In  the  following,  will  be  calculated  the  maximum  rush  of  current 
with  either  resistance  or  inductance  in  series  with  the  transformer 
primary  for  two  of  the  silicon  steel  transformers,  transformer  A  and 
transformer  C. 

Transformer  A. 

Case  I. — For  negligible  inductance  outside  the  transformer  equa- 
tion (ii)  becomes 
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Suppose  now  that  7?=  1.21^  ohms.  i.  e.,  that  the  outside  resistance  is 
1.21 — .025=1.185  ohms,  since  the  resistance  of  the  transformer 
primary  is  .025  ohms.     For  10°  intervals  of  0,  A6  =  .175. 

^max  =  29-5  K 
£m^x=i55  volts 
R  =  1. 21  ohms 
A  5  =  —  29.5  K  A  (cos  $)  —  .0403  A.'  i. 

Case  2. — For  negligible  resistance  in  the  leads,  the  total  resistance 
of  the  circuit  may  be  neglected,  and  (11)  becomes 

A  5  =  —  5„,,  A  (cos  e^  —  ^  X^    (A  /) 

Assume  X,^  =1.21  ohms 

AB  =  —  29.5  K  A  (cos  6)  —  .23  K  (At) 
Table  5  gives  the  calculations  for  these  and  the  following  cases.     It 
is  seen  from  this  table  that  the  maximum  rush  of  current  for  Case  i 
is  78.0  amp.,  and  for  the  second  case  86.0  amp.  or  less  than  twice  full 
load  current. 
Transformer  C. 

Case  I — Negligible  inductance  outside  transformer. 

^       „       V2  normal  voltage        iioo  , 

For  R  =  V-n-i — \ r—  = =  43-5  ohms 

full  load  current  24  "^  ^ 

or  43.5  —  -5  =  43  ohms  in  series  with  the  2200-volt  winding,  equation 

(11)  reduces  to 

A  5  =  —  20.75  ^2  ^  (cos  6)  —  .051  K^  i. 

Case  2. — Negligible  resistance  outside  transformer. 
For  X^  =  43.5  ohms  in  series  with  the  2200  volt-winding,  equation 
(11)  becomes,  neglecting  resistance : 

A  5  =  —  20.75  ^2  ^  (cos  e)  —  .29  K._  (A  i) . 
From  Table  5,  Columns  12-14,  it  may  be  seen  that  the  maximum  rush 
of  current  for  Case  i  is  50.0  amp.,  and  for  Case  2,  55  amp.,  i.  e.,  in  both 
cases  less  than  twice  full  load  current. 

From  the  above  calculations,  it  may  be  seen  that  the  initial  rush  of 
current  upon  closing  the  primary  circuit  of  a  transformer  can  be  lim- 
ited to  safe  values  by  inserting  either  a  resistance  or  an  air  core  in- 
ductance in  series  with  the  primary  circuit.  In  the  particular  cases 
above,  the  current  was  limited  to  less  than  twice  full  load  current  by 

'This  resistance  multiplied  by  full  load  current,  45.5,  gives  a  drop  equal  to 
half  normal  voltage:  1.21X45.5  =  55  volts. 
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inserting  a  resistance  or  inductive  reactance  equal  to 

r, Y         V-  normal  voltage 

L         full  load  current 
in  series  with  the  primary/ 

V.    Summary  and  Conclusions 

Table  6  gives  the  results  of  the  calculations  of  the  previous  sec- 
tions. Columns  9  and  10  give  the  results  for  the  case  in  which  the 
transformers  are  connected  to  the  busbars  with  sufificient  power  behind 
to  keep  the  voltage  constant  and  with  negligible  resistance  and  induct- 
ance in  the  leads.  Columns  11  and  12  give  the  results  for  the  same 
conditions,  but  with  a  resistance  of 

■'full   load 

in  series  with  the  primary. 

Columns  13  and  14  give  the  results  for  the  same  conditions  but 
with  a  reactance 

•*  full   load 

in  series  with  the  primary. 

Transformers  A,  C,  and  E  are  of  recent  manufacture  with  silicon 
steel  cores,  while  B  and  D  are  of  an  old  type. 

In  the  preceding  sections,  it  has  been  shown  that  transient  currents 
amounting  to  several  times  the  maximum  value  of  full  load  current 
may  occur  upon  closing  the  primary  circuit  of  a  transformer.  While 
this  transient  current  for  the  old  type  transformers  may  amount  to  two 
to  four  times  full  load  current,  it  may  rise  above  seven  times  the  maxi- 
mum value  of  full  load  current  for  transformers  with  cores  made 
from  silicon  steels  w'ith  high  flux  densities- 

This  transient  current  becomes  a  serious  problem  only  for  sta- 
tions containing  step-up  transformers,  that  are  connected  directly  to 
the' station  busbars  through  leads  of  negligible  resistance  and  induct- 
ance. If  the  generators  are  belted  and  of  only  moderate  capacity,  the 
system  may  be  flexible  enough  to  stand  the  shock  due  to  the  enormous 
current  that  may  follow  upon  closing  the  transformer  switches.  If, 
however,  the  generators  are  of  large  capacity  and  direct-connected,  the 
shock  may  be  sufficient  to  cause  a  rupture  between  the  generator  and 
the  prime  mover.  It  will  readily  be  seen  that  this  current  will  be  of 
the  same  order  as  a  direct  short-circuit  current  of  the  generator. 

Tor  calculations  of  inductance  coils  for  this  purpose  reference  is  made  to 
Universit\-  of  Illinois  Bulletin  53,  by  Prof.  Morgan  Brooks  and  ]\Ir.  H.  M. 
Turner,  entitled,  "Inductance  of  Coils". 
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If  each  set  of  transformers  be  connected  to  one  generator,  the 
problem  will  consist  simply  in  bringing  the  voltage  up  slowly  with  the 
transformers  connected,  but  in  cases  where  it  becomes  necessary  to 
connect  transformers  to  busbars  of  full  potential,  it  becomes  necessary, 
for  safe  operation,  to  insert  in  the  primary  circuit  a  resistance  or  in- 
ductance to  limit  the  transient  current  to  safe  values.  It  has  been 
shown  that  a  resistance  or  inductive  reactance  amounting  to 

Yi  normal  voltage 
full  load  current 
will  limit  the  current  to  less  than  twice  full  load  current  under  the 
most  critical  conditions. 

This  resistance  or  inductance  needs  to  be  in  the  circuit  for  only 
a  very  short  time,  since  the  current  will  fall  down  to  below  full  load 


Front  Bus  Bars 


Fig.   i; 


current  after  a  few  cycles.  The  resistance  or  inductance  may  be  con- 
nected as  shown  diagramatically  in  Fig.  17,  where  an  extra  contact,  A, 
is  provided  on  the  switch,  in  such  a  way  that,  in  closing  the  switch  the 
contact  A  is  reached  before  the  main  contact  B  is  reached.  It  might 
be  possible  to  provide  such  a  contact  even  on  oil  switches.  As  the  in- 
terval between  the  time  the  switch  touches  A  until  it  touches  B,  need 
be  only  a  fraction  of  one  second,  no  change  in  the  operating  mechanism 
of  the  switch  would  be  necessary.  Usually,  it  takes  an  oil  switch  about 
0.5  second  to  close,  i.  e.,  from  the  time  it  starts  until  the  switch  is  closed. 
If  the  contact  A  is  located  1/3  of  the  way  from  the  closed  position,  it 
may  take  the  contact  o.i  second  to  travel  from  A  to  B,  and  this  time 
will  be  sufficient  even  for  25  cycle  systems. 
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Residual  Magnetism. — It  has  been  generally  believed  that  residual 
magnetism  is  of  a  transient  nature,  i.  e.,  that  the  magnetism  that  re- 
mains in  the  iron,  after  removing  the  magnetizing  force,  gradually 
decreases. 

As  this  point  is  very  important  in  connection  with  the  starting 
current  of  transformers,  an  experiment  was  undertaken  to  ascertain 
whether  the  residual  magnetism  is  a  permanent  quantity  or  not.  Con- 
nections were  made  as  shown  in  Fig.  18. 


-AWWWV 


Referring  to  the  hysteresis  loop  of  Fig.  3,  it  may  be  seen  that, 
starting  at  i,  opening  the  circuit  produces  a  change  of  flux  correspond- 
ing to  1-2 ;  reversing  the  current  produces  a  change  2-3,  etc.  However, 
if  the  residual  magnetism  at  2  decreases  before  the  current  is  reversed, 
the  change  of  flux  will  be  less  than  2-3.  Consequently,  the  problem 
consists  in  determining  whether  this  change  varies  with  the  time  elaps- 
ing between  opening  the  circuit  and  closing  it  again  in  the  opposite 
direction. 

The  time  interval  was  controlled  by  means  of  a  pendulum  and  four 
contacts,  A,  B,  C  and  D.  By  tracing  out  the  connections  in  Fig.  18,  it 
will  be  seen  that  with  all  the  levers  in  the  upright  position,  the  current 
flows  through  the  circuit  in  the  direction  of  the  arrows,  while  the 
galvanometer  G  is  shortcircuited  by  means  of  contact  B.  If  now  the 
pendulum  is  started  from  the  position  shov/n,  lever  A  is  first  knocked 
down  opening  the  primary  circuit.  The  change  of  flux  1-2  does  not 
produce  any  deflection  of  the  galvanometer,  because  it  is  shortcircuited 
until  lever  B  is  knocked  down.     Finally,  C  and  D  are  knocked  down, 
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reversing  the  current,  producing  a  change  of  flux  2-3,  and  since  the 
galvanometer  is  no  longer  shortcircuited,  this  change  produces  a  de- 
flection of  the  galvanometer,  proportional  to  the  change  of  flux. 

The  shortest  distance  between  A  and  D  corresponded  to  about  .1 
second,  and  it  could  be  increased  to  about  3^  second. 

The  transformer  used  was  the  5-kw.  2080,  1040/460,  230  volt,. 
60-cycle  transformer,  designated  as  transformer  B.  A  resistance  R^, 
of  400  ohms,  was  inserted  in  the  primary  to  decrease  the  time  constant, 
and  the  current  was  maintained  at  the  maximum  value  of  the  normal 
magnetizing  current,  namely,  .1  amp. 

1.  The  deflection  corresponding  to  change  2-3  and  .1  second 
interval  between  A  and  D  was  48.0  cm.  The  interval  was  then  in  turn 
increased  to  Yz  second,  and  by  hand  operation  to  i  min.,  5  min.,  90  min., 
12  hrs.,  and  24  hrs. 

The  deflection  corresponding  to  the  change  <?-j  was  in  every  case 
the  same. 

2.  To  ascertain  whether  there  was  any  decrease  of  flux  during 
the  .1  second  period,  the  resistance  R^  amounting  to  more  than  i 
megohm  was  cut  out.  The  sensitiveness  of  the  galvanometer  is  such 
that  10'^  amp.  corresponds  to  i  mm.  deflection.  The  transformer  core 
has  a  cross-section  of  about  4  sq.  in.  and  the  number  of  turns  of  the 
230-volt  winding  is  80.  The  normal  flux  density  is  about  50  000  lines 
per  sq.  in.,  and  the  resistance  of  the  galvanometer  circuit  was  less  than 
1000  ohms.  Hence  to  produce  a  deflection  of  one  cm.  required  lO"'' 
amp,  or  lO""  X  10^  =  lO"*  volts. 

8oX<^ 


E  =  10-*  = 


10' 


io~*  10^     10*  ,. 

d>  =  — =  =, —  =  I2S  hnes  per  sec. 

^  80  80  J  t- 

That  is,  it  requires  a  change  of  flux  of  125  lines  per  sec.  to  produce  a 
large  deflection  of  the  galvanometer.  As  the  total  normal  flux  is 
50000  X  4  =  200000  lines,  this  is  less  than  i/io  per  cent,  so  that  any 
material  change  of  flux  occurring  within  the  first  i/io  sec.  after  open- 
ing A  would  be  recorded.  The  time  elapsing  between  A  and  B  was  less 
than  .01  sec.  The  pendulum  was  stopped  after  knocking  down  B,  so 
that  any  deflection  occurring  after  the  change  1-2  would  be  due  to  the 
decrease  of  the  residual  magnetism. 

As  a  result  of  the  several  trials,  not  the  slightest  deflection  could 
be  detected. 

3.  It  was  finally  attempted  to  determine  the  effect  of  vibration 
and  blows  upon  the  permanency  of  the  residual  magnetism.  With  the 
same  connections  as  in  2,  A  and  B  were  knocked  down.     The  trans- 
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former  core  was  then  given  a  series  of  blows  with  a  hammer.  The 
first  blow  produced  a  deflection  of  about  50  cm.,  and  the  successive 
blows  produced  deflections  decreasing  very  rapidly.  This  deflection 
corresponds  to  about  50/1000  ^  .05  cm.  with  the  resistance  R^  in 
circuit. 

Change  1-2  produced  a  deflection  of     8.5  cm. 

Change  2-3  produced  a  deflection  of  48.0  cm. 

Total  change  =  56.5  cm. 

This  means  that  the  maximum  value  of  the  normal  flux  corresponds 
to  28.3  centimeters  deflection,  and  the  residual  magnetism  to  28.3 
—  8.5^19.8  cm.  deflection.  Consequently,  a  deflection  of  .05  cm. 
corresponds  to  a  decrease  of  residual  magnetism  due  to  severe  blows 
of  5/20  per  cent  =  1/4  per  cent. 

The  transformer  was  finally  given  continuous  hard  blows  for  5 
minutes  (one  blow  every  other  second)  after  point  2  had  been  reached. 
With  the  resistance  R^  cut  out,  the  effect  of  the  last  blows  could  hardly 
be  noticed.  R^  was  then  replaced  in  the  circuit  and  the  deflection  cor- 
responding to  the  change  2-3  was  observed.  The  result  showed  that 
the  effect  of  the  above  severe  treatment  was  to  decrease  the  residual 
magnetism  by  4  per  cent. 

Conclusion. — From  the  above,  the  conclusion  seems  justified  that 
there  is  no  decrease  in  the  residual  magnetism  of  a  transformer  under 
normal  conditions,  and  that  the  decrease  due  to  vibration  and  ordinary 
shocks  is  negligible. 
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TESTS    OF    COLUMNS:  AN    INVESTIGATION    OF    THE 

VALUE  OF  CONCRETE  AS  REINFORCEMENT 

FOR  STRUCTURAL   STEEL  COLUMNS. 

I.     Introduction. 

1.  Preliminary. — In  reinforced  concrete  building  construc- 
tion columns  form  an  important  element,  and  in  the  case  of  very 
high  or  very  heavily  loaded  buildings,  the  size  of  the  columns  and 
the  space  they  occupy  become  important  considerations.  Various 
types  of  reinforced  columns  are  in  use.  Columns  with  longitudi- 
nal reinforcement  and  hooped  columns  are  common.  During  the 
past  few  years  designers  have  used  structural  steel  columns  en- 
cased in  concrete.  Sometimes  the  structural  steel  shapes  form  a 
relatively  small  proportion  of  the  column  section  and  are  con- 
sidered as  reinforcement  for  the  concrete.  In  other  designs  the 
amount  of  steel  is  much  larger  and  the  structural  shapes  will 
carry  a  large  proportion  of  the  load  so  that  the  column  instead  of  be- 
ing a  reinforced  concrete  column  is  really  a  steel  column  reinforced 
with  the  concrete  in  which  it  is  embedded.  Such  columns  may 
occupy  less  space  than  the  reinforced  concrete  column  as  usually 
designed. 

Two  points  oE  view  seem  to  exist  with  reference  to  columns 
having  a  large  percentage  of  structural  steel:  (a)  that  the  con- 
crete surrounding  the  steel  simply  affords  protection  from  fire 
and  corrosion  and  that  the  additional  strength  afforded  by  the 
concrete  is  not  considerable  in  amount  and  is  not  available  for 
design;  and  (b)  that  if  the  concrete  be  present  it  must  act  in  uni- 
son with  the  steel  and  that  its  strengthening  effect  and  its  effect 
upon  the  permissible  deformation  of  the  column  should  be  taken 
into  account.  The  present  building  codes  either  directly  or  through 
the  relation  of  stresses  allowed  virtually  occupy  the  first  position 
when  the  steel  column  forms  more  than  8%  of  the  column  section. 

The  series  of  tests  described  in  this  bulletin  was  planned  to 
throw  light  upon  the  action  of  columns  formed  of  structural  steel 
shapes  by  filling  the  space  between  the  shapes  with  concrete  or 
encasing  them  in  concrete  as  exemplified  in  a  form  of  column 
section  which  has  been  used  in  reinforced  concrete  building 
construction.  It  is  hoped  that  the  results  will  be  helpful  in  dis- 
cussing fundamental  principles  underlying  the  design  of  such 
columns. 
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2.  Scope  of  Bulletin. — The  investigation  was  planned  with 
the  view  of  securing  information  on  the  following  principal  points 
for  the  section  and  type  of  column  tested:  (1)  the  effect  of  length 
and  slenderness  on  the  strength  of  the  plain  steel  columns;  (2) 
the  effect  of  length  upon  the  strength  of  similar  columns  made 
up  with  a  core  of  concrete;  (3)  the  effect  of  richness  of  concrete  in 
the  core  filling  upon  the  strength  of  the  column;  (4)  the  effect  of 
adding  an  exterior  coat  around  the  steel  section  upon  the  strength 
of  the  column,  and  the  action  of  this  coat  under  load;  (5)  the 
effect  of  spiral  hooping  upon  the  strength  and  stress-deformations 
of  the  column. 

The  tests  were  planned  in  an  effort  to  obtain  the  most  in- 
formation on  these  points  with  the  32  columns   available  for  the 
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Fig.  1.    Details  of  Test  Columns. 
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tests.     The  results  may  not  be   applicable  to  sections  or  types  of 
columns  which  differ  from  the  form  used. 

3.  Acknoivledfiment. — The  steel  columns  used  in  the  tests 
were  furnished  through  the  courtesy  of  the  Illinois  Steel  Company, 
Mr.  E.  J.  Buffington,  President,  and  were  made  at  the  Morth 
Works  of  the  Company  in  Chicago.  The  spirals  for  the  six  spi- 
raled  columns  were  furnished  by  the  American  System  of  Con- 
crete Reinforcing,  of  Chicago.  The  work  of  concreting  the  col- 
umns was  directly  supervised  by  Mr.  D.  A.  Abrams,  Associate  in 
the  Engineering  Experiment  Station  of  the  University  of  Illinois. 
The  tests  were  made  by  Mr.  Lord  with  the  assistance  of  Mr.  R. 
K.  Steward  and  members  of  the  staff  of  the  Engineering  Experi- 
ment Station.  Mr.  Lord  is  responsible  largely  for  outlining  the 
scope  of  the  tests  and  for  working  up  the  results.  Mr.  W.  A. 
Slater,  First  Assistant  in  the  Engineering  Experiment  Station, 
has  given  helpful  assistance  in  putting  the  bulletin  into  final 
form.  Especial  acknowledgment  is  made  to  Professor  Frank  P. 
McKibben  and  the  Department  of  Civil  Engineering  of  Lehigh 
University  for  the  work  of  testing  the  four  spiraled  columns  sent 
to  the  Fritz  Engineering  Laboratory  and  for  the  great  interest 
and  care  so  freely  given. 

II.    Materials,  Test  Pieces,  and   Methods 
OF  Testing. 

4.  The  Steel  Gohimns. — The  structural  steel  columns  used 
were  of  the  Gray  type  and  were  composed  of  eight  angles,  3  x  2i 
XyV-in-j  tied  at  intervals  of  16  inches  by  5ixi-in.  plates  as 
shown  in  Fig.  1.  This  type  of  column  has  been  used  in  the  con- 
struction of  reinforced  concrete  buildings  and  has  proved  very 
satisfactory.  The  size  of  angles,  radii  of  gyration,  dimensions  of 
tie  plates,  slenderness  ratio  of  the  flanges  between  tie  plates, 
radius  of  gyration  of  column  and  slenderness  ratio  of  columns 
give  relations  which  are  in  many  ways  comparable  to  column 
sections  which  have  been  used  in  reinforced  concrete  building 
construction. 

The  method  of  fabricating  these  columns  was  in  no  sense 
unusual.  The  ends,  although  milled,  did  not  present  a  true  bear- 
ing as  they  were  received  in  the  laboratory.  The  steel  was  open 
hearth  structural  steel.  Tension  tests  of  lixrVxl8-in.  speci- 
mens cut  from  an  untested  flange  gave  an  ultimate  strength  of 
62000  lb.  per  sq.  in.  and  a  yield  point  of  39800  lb.  per  sq.  in. 
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The  ultimate  compressive  strength  ol  flanges  composed  of  two 
3  x2ix  r%-in.  angles  riveted  back  to  back  averaged  39  700  lb.  per 
sq.  in.  for  two  specimens  32  inches  long,  and  33  200  lb.  per  sq. 
in.  for  two  specimens  7  ft.   10  in.  long. 

5.  Sections  of  Columns. — Table  5,  page  14,  gives  the  schedule 
of  the  columns  tested.  Ten  steel  columns  were  tested  without 
concrete  reinforcement;  these  columns  are  called  "plain  steel 
columns"  in  the  schedule  and  in  the  discussion.  For  studying 
the  effect  of  concrete  in  connection  with  the  steel,  the  space  in- 
closed within  the  outline  of  the  structural  shapes,  as  shown  in 
Fig.  1 ,  was  filled  with  concrete.  This  combination  of  structural 
shapes  and  concrete  will  be  termed  the  "core  type  of  column". 
It  was  adopted  as  the  principal  form  of  test  piece  because  it  was 
believed  wisest  to  obtain  the  larger  part  of  the  data  with  the 
section  which  is  considered  to  be  the  effective  section  in  design. 
For  purposes  of  comparison  three  columns  were  made  with  2 
inches  of  concrete  outside  of  the  steel  (see  Fig.  1),  and  the  action 
of  this  outer  shell  under  load  was  studied.  This  combination  of 
steel  and  concrete  is  here  termed  the  "fireproof ed  type."  The- 
effect  of  richness  of  concrete  upon  the  strength  of  the  core  type 
was  sought  by  the  testing  of  columns  with  1-1-2  and  1-3-6  mix- 
tures in  addition  to  the  1-2-4  mixture.  In  six  columns  the  steel 
was  inclosed  within  a  wire  spiral  and  the  space  filled  with  con- 
crete to  the  outer  face  of  the  spiral.  The  spirals  were  14  in,  in 
diameter,  were  of  i-in.  steel  wire  with  a  pitch  of  2  in,  and  li  in., 
respectively,  the  percentages  of  spiral  reinforcement  used  being 
0.75  and  1.0.  The  percentage  of  the  structural  steel  section  in 
terms  of  the  whole  column  area  varied,  being  10.8  %  for  the  core 
type,  6.1  %  for  the  fireproofed  type  and  8.5  %  for  the  spiraled 
columns. 

TABLE    1. 
Tensile  Strength  of  Cement. 


Age  7  Days 

Age  28  Days 

Ref. 

No. 

Neat 

1:3 

Standard 

Sand 

1:3 

Sand 

Used  in 

Columns 

Neat 

1  :3 

Standard 

Sand 

1:3 

Sand 

Used  in 

Columns 

1 
2 
3 

589 
684 
653 

198 
22T 
240 

265 

674 
709 
731 

278 
283 
319 

323 
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6.  Cement  and  Aggregates. — The  cement  used  was  furnished 
by  the  Universal  Portland  Cement  Company.  Tests  of  samples 
taken  at  times  through  the  season  and  made  by  B.  L.  Bowling, 
Assistant  in  charge  of  the  Cement  Laboratory,  are  given  in 
Table  1.  Sample  No.  1  was  taken  October  14,  No.  2  November  22, 
and  No.  3  January  15.  In  the  fineness  test  98.5  per  cent  passed 
No.  50 sieve,  96.5  per  cent  passed  No.  100  sieve,  and  82.5  per  cent 
passed  No  200  sieve. 

The  sand  used  was  torpedo  sand  from  Attica,  Indiana.  It 
was  of  good  quality,  fairly  sharp,  clean  and  well-graded.  It 
combined  with  the  cement  used  in  a  very  satisfactory  manner 
and  gave  a  higher  briquette  test  than  did  the  same  cement  with 
standard  Ottawa  sand.  It  was  from  the  same  locality  and  of  the 
same  quality  as  the  sand  used  in  making  reinforced  concrete  test 
specimens  for  several  years  at  the  University  of  Illinois. 

A  good  quality  of  rather  hard  limestone  from  Kankakee, 
Illinois,  specified  to  pass  through  a  1-in.  screen  and  over  a  i-in. 
screen,  was  used.  It  is  representative  of  the  stone  most  used  in 
building  construction  of  reinforced  concrete  in  Illinois  and  it  was  of 
the  grade  which  has  been  used  in  the  previous  experimental  work 
of  the  Laboratory.  In  the  columns  tested  the  failure  did  not  ap- 
pear to  result  from  the  crushing  or  breaking  of  the  stone  in  any 
way. 

7.  Concrete. — Table  2  gives  the  proportions  of  the  materials 
used  in  the  different  batches  of  concrete  from  which  the  columns 
were  made.  The  sand  and  stone  were  first  measured  by  loose  vol- 
ume. A  bag  of  cement  (95  lb.)  was  considered  as  1  cubic  foot  of 
cement.  The  resulting  proportions  by  weight  are  given  in  the 
table. 

Men  skilled  in  mixing  concrete  and  making  test  pieces  were 
employed  in  the  work.  The  foreman  and  the  other  workmen  are 
experienced  concrete  workmen;  they  have  made  the  specimens 
for  the  laboratory  for  six  seasons.  The  mixing  was  done  with 
shovels  by  hand.  The  sand  and  cement  were  first  mixed  dry; 
the  stone,  which  had  previously  been  thoroughly  moistened,  was 
added  and  the  mix  then  turned  until  of  a  uniform  appearance. 
Usually  the  first  operation  included  five  or  six  turnings  and  the 
second  three  or  more.  Water  was  added  in  sufficient  quantity  to 
produce  a  distinctly  wet  mixture  which  would  run  rapidly  from 
the  shovel.     The  whole  was  then  turned  until  thoroughly  mixed. 


ILLINOIS   ENGINEERING   EXPERIMENT   STATION 


8.  Making  of  Columns. — The  forms  for  the  core  type  were  ex- 
tremely simple  inasmuch  as  the  concrete  was  confined  to  the 
octagon  determined  by  the  edges  of  the  steel  flanges.  Pour  planks 
of  the  correct  length  were  placed  in  a  yertical  position  direct- 
ly against  the  flanges  and  were  held  in  position  by  means  of 
yokes.  For  the  fireproofed  type  octagonal  forms  of  wood  were 
built  to  give  the  required  2  inches  of  clearance  over  all  faces. 
For  the  spiraled  type  circular  metal  forms  were  placed  directly 
against  the  wire  spiral  and  held  in  place  by  bands  as  shown  in 
Fig.  1  of  Bulletin  No.  20  of  the  University  of  Illinois  Engineering 
Experiment  Station. 

TABLE    2. 
Proportions  of  Concrkte  Ingredients. 


By  Volume 

By  Weight 

Column 

No. 

Cement 

Sand 

Stone 

Cement 

Sand 

Stone 

8907 

2 

4 

2.16 

3.55 

8908 

2 

4 

2.05 

3.55 

8912 

2 

4 

2.16 

3.55 

8913 

2 

4 

2.05 

3.55 

8917 

2 

4 

2.11 

3.35 

8918 

2 

4 

1.88 

3.62 

8922 

o 

4 

2.09 

3.42 

8923 

2 

4 

2.04 

3.54 

8925 

1 

2 

1.06 

1.81 

8926 

1 

2 

1.04 

1.76 

8927 

3 

6 

3.14 

5.43 

8928 

K 

6 

3.02 

5.30 

8929 

2 

4 

2.04 

3.52 

8930 

2 

4 

2.13 

3.60 

8931 

2 

4 

2.07 

3.60 

8933 

1 

2 

4 

2.08 

3.61 

8934 

] 

2 

4 

2.02 

3.51 

8935 

3 

4 

8936 

2 

4 

2.02 

3.56 

8937 

2 

4 

2.04 

3.52 

8938 

2 

4 

2.08 

3.67 

The  concrete  was  placed  by  pouring  it  into  the  forms  at  the 
top  of  the  column  a  bucketful  at  a  time.  It  was  worked  around  the 
sides  and  in  the  center  by  means  of  a  pole.  As  an  aid  in  secur- 
ing uniform  concrete  successive  bucketfuls  were  taken  from  dif- 
ferent portions  of  the  pile.  The  forms  were  filled  practically 
level  with  the  top  of  the  steel. 

Previous  to  pouring  the  concrete,  the  steel  column  was 
placed  in  a  vertical  position  on  a  14xl4xl-in.  cast-iron  bearing 
plate  (upon  which  it  was  later  tested)  and  the  forms  were  placed 
in  position.  The  day  after  pouring,  after  the  concrete  in  the 
column  had  had  time  to  shrink,  the  top  of  the  column  was   pre- 
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pared  for  testing  by  setting  another  bearing  plate  upon  it,  using 
a  neat  cement  mortar  as  a  bed.  Care  was  talj:en  to  have  this 
plate  rest  equally  upon  the  four  flanges  and  also  to  bear  on  the 
mortar.  The  layer  of  mortar  between  the  plate  and  the  steel  was 
kept  as  thin  as  possible.  A  film  of  cement  over  the  end  of  the  steel 
wasnecessarily  present;  but  in  most  cases  it  was  extremely  thin 
and  in  no  case  did  this  thickness  reach  i  inch.  In  pouring  the  spi- 
raled  type  it  was  found  that  the  concrete  did  not  flow  into  the 
small  space  at  the  back  of  the  flanges  between  the  wires  of  the 
spiral,  and  it  was  necessary  to  grout  into  this  space  with  a  sand 
mortar.  In  columns  of  the  fireproofed  type  the  concrete  outside 
the  flanges  was  found  to  be  less  dense  and  in  some  cases  the  sur- 
face over  the  flanges  was  more  or  less  pitted.  As  has  always 
been  the  practice  in  the  preparation  of  concrete  specimens  in  the 
laboratory,  the  fabrication  was  done  seriatim,  one  specimen  of  a 
kind  well  through  the  series,  followed  later  with  the  fabrication 
of  the  second  specimen  seriatim.  By  this  means  any  accidental 
variation  of  cement  or  aggregate  or  of  temperature  conditions 
would  be  likely  to  have  the  same  effect  on  one  type  of  specimen 
as  on  another,  whereas  if  all  the  specimens  of  the  same  kind 
were  made  at  the  same  time  the  presence  of  such  variations  might 
be  mistakenly  considered  to  be  caused  by  variations  in  type. 
This  practice  is  explained  at  some  length  here,  because  consid- 
erable variation  was  found  in  the  concrete  of  specimens  of  the 
same  type  made  at  different  times.  The  dates  of  making  speci- 
mens were  as  follows:  On  October  2,  1910,  No.  8907  and  8912 
were  made  from  one  batch  of  concrete  and  No.  8917  from  another 
batch.  On  October  29,  No.  8922  was  made  from  one  batch  and  No. 
8925  from  another  batch.  On  November  4,  No.  8927  was  made. 
On  November  8,  No.  8908  and  8913  were  made  from  the  same 
batch,  No.  8918  from  a  batch,  and  No.  8923  from  another  batch. 
November  12,  No.  8926  was  made  and  November  19,  No.  8928  was 
made. 

9.  Auxiliary  Test  Specimens. — From  each  batch  of  concrete 
used  three  6-in.  cubes  and  one  8xl6-in.  cylinder  were  made  from 
which  to  determine  the  properties  of  the  concrete  in  the  columns. 
These  were  stored  in  damp  sand  until  a  few  days  before  the  cor- 
responding column  was  to  be  tested  when  they  were  removed  to 
the  testing  laboratory  and  two  faces  prepared  for  the  test  by  the 
addition  of  a  thin  coat  of  plaster  of  paris.  It  was  originally  in- 
tended to  test  all  these  specimens  at  the  same  date  as  the  cor- 
responding column,  but  an  unexpectedly  low  strength  was  found 
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in  the  cube  tests  of  the  first  specimens  made.  One  cube  from 
each  of  the  later  batches  was  then  reserved  for  test  at  90  days  in 
order  to  know  whetlier  the  concrete  was  poor  or  whether  it  mere- 
ly lacked  curing.  It  was  found  that  these  later  specimens  gave 
what  may  be  considered  to  be  normal  strength,  and  hence  no 
light  was  thrown  on  the  cause  of  the  low  strength  of  the  concrete 
from  the  first  batches.  The  results  of  the  cube  and  cylinder  tests 
are  given  in  Table  3.  These  auxiliary  tests  show  that  the 
strength  of  the  concrete  at  the  time  of  testing  was  far  from  uni- 
form. The  possible  causes  of  this  are  discussed  in  a  later 
paragraph. 

TABLE   3. 

Compression  Tests  of  Cubes  and 
Cylinders. 

Loads  are  given  in  pounds  per  square  inch. 


6-in 

Cubes 

Corresponding 

8xl6-in. 

Column 

Cylinders 

No. 

60  days 

90  days 

60  days 

8907 

1790 

1350 

8908 

2430 

2650 

1490 

8912 

1790 

1350 

8913 

2430 

2650 

1490 

8917 

1420 

1140 

8918 

2150 

2600 

1260 

8922 

1320 

970 

8923 

1970 

2640 

1150 

8825 

2970 

2420 

8926 

3280 

4000 

2520 

8927 

1320 

1800 

700 

8928 

1440 

1740 

660 

S9S9 

1760 

2580 

1370 

8930 

2020 

2740 

1330 

8931 

1670 

2760 

1280 

8933 

1440 

2000 

1160 

8934 

2070 

2350 

1340 

8935 

2270 

2720 

1330 

8936 

1780 

2180 

1110 

8937 

1620 

2900 

1460 

8938 

1980 

2580 

1120 

10.  storage  and  Handling . — The  columns  were  stored  in  the 
room  where  they  were  made.  Forms  were  removed  at  the  end 
of  a  week  and  from  that  time  on  the  columns  were  occasionally 
sprinkled.  The  records  show  that  the  room  temperature  varied 
from  60°  to  70°  Fahrenheit,  but  it  seems  probable  that  a  larger 
variation  may  have  occurred  in  different  parts  of  the  building. 
It  is  also  probable  that  the  later  columns  dried  out  much  more  and 
attained  a  higher  percentage  of  their  final  concrete  strength  than 
did  the  cubes  at  the  same  age. 
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Before  removing  the  columns  to  the  testing  laboratory  the 
bearing  plates  at  top  and  bottom  were  connected  by  rods  to  pre- 
vent displacement,  and  these  rods  were  not  removed  until  the 
column  was  in  its  final  position  in  the  testing  machine. 

11.  Method  of  Measarlnrf  Deformations. — The  extensometer 
used  and  the  method  of  attachment  are  shown  in  Pig.  2.  For  the 
determination  of  deformations  in  the  steel,  holes  were  tapped  in 
the  flanges  at  the  lower  point  to  receive  the  shaftof  a  wire- wound 
dial  extensometer  and  at  the  upper  point  to  receive  a  bolt;  from 
this  bolt  a  wire  was  suspended,  wrapped  once  around  the  drum  of 
the  extensometer  and  weighted  with  a  nut  at  the  end.  The  def- 
ormation occurring  in  the  gauge  length  between  the  bolt  and  the 


TABLE 

4. 

Gauge  Lengths  and  Precision  op 

Measurements. 

Leogrth  of 
Column 

Gauge 

Length 

Least 

"  Unit-deformation 
Measurable 

2  ft.-O  in. 

10  in. 

.00002 

4  ft. -8  in, 

40  in.* 

.000005 

10  ft.-O  in. 

100  in. 

.000002 

15  ft. -4  in. 

1.50  in. 

.000001 

19  ft. -4  in. 

200  in. 

.000001 

♦Average. 

lower  shaft  was  registered  by  the  movement  of  the  pointer  of  the 
dial.  Measurements  were  made  on  each  of  the  four  flanges,  four 
instruments  being  used  for  the  purpose.  Where  measurements  were 
desired  on  concrete  faces,  specially  prepared  plugs  were  inserted  in 
the  column  during  the  pouring  and  these  were  tapped  to  receive 
the  bolts  and  the  shafts  of  additional  extensometers.  The 
wire  suspended  upon  the  upper  bolts  was  in  general  1  inch  from 
the  face  of  the  column,  and  the  accuracy  of  the  observations  de- 
pends upon  the  conservation  of  the  plain  section  in  the  column  as 
a  whole.  The  results  obtained  indicated  that  this  condition  was 
not  fully  satisfied  in  the  case  of  plain  steel  columns.  An  arrange- 
ment of  instruments  which  gave  the  deformations  at  the  center 
of  gravity  of  the  flanges  direct  was  used  in  the  test  of  flanges 
and  on  column  No.  8914.  The  result  indicated  that  the  error  in 
the  first  arrangement  of  instruments  was  not  great.  The  gauge 
lengths  used  varied  with  the  lengths  of  the  specimens.  The  dials 
could  be  read  to  an  indicated  movement  of  0.0002  inch.  The  gauge 
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length  and  the  least  unit- deformation  obtainable  for  the  different 
lengths  of  the  columns  are  given  in  Table  4. 

In  the  case  of  the  plain  steel  cplumns  10  feet  or  more  in 
length,  in  addition  to  the  four  measurements  of  deformation  taken 
over  the  gauge  lengths  noted  in  Table  4,  six  other  measurements  of 
deformation  were  taken  over  gauge  lengths  about  one-third  as 
long.  These  shorter  gauge  lengths  were  located  at  different 
portions  of  the  columns  in  an  effort  to  detect  local  bending.  The 
measurements  did  not  show  that  material  bending  occurred  at 
loads  below  the  maximum  load,  and  if  such  bending  occurred,  it 
was  confined  to  shorter  distances. 

12.  Method  of  Testing. — The  columns  were  tested  in  the 
Riehle  vertical  600  000-lb.  screw-power  testing  machine  in  the 
Laboratory  of  Applied  Mechanics  of  the  University  of  Illinois. 
It  was  appreciated  in  advance  that  the  full  strength  of  the 
spiraled  columns  could  not  be  developed  in  the  600  000-lb.  test- 
ing machine,  but  it  was  thought  that  there  would  be  a  sufficient 
indication  of  their  action  to  determine  the  critical  yield  point. 
However,  after  testing  them  it  was  concluded  that  a  determina- 
tion of  the  action  of  such  columns  at  higher  loads  would  be  of 
value,  and  further  tests  of  four  of  the  columns  were  made  in  the 
Riehle  800  000-lb.  testing  machine  at  Lehigh  University,  In  the 
case  of  the  plain  steel  columns  a  specimen  was  placed  with  its 
lower  end  bearing  directly  on  the  weighing  table  of  the  testing 
machine  and  centered  with  respect  to  the  screws.  The  compres- 
sion head  of  the  machine  was  then  lowered  until  the  suspended 
spherical  bearing  block  rested  on  top  of  the  column.  This  block 
was  then  centered  on  the  column.  Although  the  ends  of  the  col- 
umns were  milled  in  the  shops,  in  some  cases  it  was  necessary  to 
file  the  ends  to  secure  a  satisfactory  bearing  and  in  some  cases  to 
use  carefully  prepared  steel  shims.  In  the  case  of  the  con- 
creted columns  the  bearing  plates  of  the  columns  rested  directly 
on  the  weighing  table.  When  the  column  was  in  its  final  position 
in  the  machine,  the  rods  connecting  the  end  bearing  plates,  used 
while  transporting  the  column  to  the  testing  room,  were  removed 
and  the  spherical  bearing  block  was  lowered  into  position  as 
noted  for  the  plain  steel  columns.  An  initial  reading  of  the  ex- 
tensometer  was  taken  with  no  load  on  the  column  except  the 
weight  of  the  spherical  bearing  block.  The  compression  head  of 
the  testing  machine  was  then  brought  to  bear  on  the  bearing 
block  and  was  run  down  at  the  slowest  speed  (0.05  inch  per  minute)^ 


TALBOT-LORD — TESTS   OF  COLUMNS  13 

"until  a  load  of  25  000  lb.  was  registered.  The  machine  was  stopped 
at  this  load  and  after  an  interval  of  30  to  45  seconds  the  ex- 
tensometers  were  read.  In  like  manner  the  load  was  increased 
by  increments  of  25  000  lb.  at  the  speed  of  0.05  inch  per  minute, 
with  readings  of  the  extensometers  between  applications  of  load, 
until  the  maximum  strength  of  the  column  was  passed  or  the 
capacity  of  the  testing  machine  was  reached.  With  the  first  five 
columns  tested  (No.  8905,  8906,  8910,  8915,  8920)  no  effort  was 
made  to  restrain  any  movement  of  the  spherical  bearing  block. 
In  the  remaining  tests,  when  a  load  of  50  000  lb.  had  been  applied, 
special  wedges  were  inserted  and  adjusted  in  the  bearing  block 
to  restrain  it  from  a  rolling  movement.  In  the  tests  of  many  of  the 
columns  the  operation  of  the  machine  was  continued  after  the 
maximum  load  was  passed,  to  determine  the  effect  of  a  further 
application  of  load  and  a  further  shortening  of  the  column.  This 
was  done  in  order  that  the  critical  section  might  be  definitely 
determined  and  the  nature  of  the  final  failure  observed. 

Three  conditions  mentioned  incidentally  above  merit  more 
complete  discussion: 

(a)  It  is  evident  that  the  speed  at  which  the  testing  machine 
is  run  is  of  importance  and  that  a  column  will  carry  a  higher 
maximum  load  if  the  load  be  applied  rapidly  than  it  will  under  a 
slow  application.  In  actual  use  the  load  is  not  momentarily 
applied  but  it  is  a  dead  weight  and  follows  at  once  any  shortening 
or  other  movement  of  the  column.  In  testing,  the  load  should  be 
held  a  sufficient  time  to  ensure  that  the  material  has  attained  its 
full  deformation.  In  the  tests  herein  described  the  slowest  speed 
of  the  machine  (0.05  in.  per  min.)  was  used  in  all  cases.  The  in- 
struments were  read  starting  about  30  seconds  after  the  indicated 
load  had  been  momentarily  applied. 

(b)  The  condition  of  the  bearing  surfaces  at  the  ends  of  the 
column  has  an  important  effect  upon  the  load  which  the  column 
will  carry.  In  a  building  a  column  receives  its  load  from  story 
to  story  and  especial  attention  is  given  to  the  bearing  arrange- 
ment at  its  base,  but  in  a  testing  machine  the  load  is  applied 
directly  upon  the  end  section.  If  the  load  is  to  be  uniformly  dis- 
tributed, the  bearings  of  the  ends  must  be  perfect.  In  these  tests 
care  was  taken  to  get  a  fairly  good  bearing,  but  it  should  be  noted 
that  the  load  was  not  always  uniformly  distributed  over  the 
section  and  that  some  of  the  flanges  were  more  highly  stressed 
than  others.  The  records  of  observed  deformations  of  the  various 
gauge   lengths  in  the  different  flanges  show  this  effect.     When 
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TABLE    5. 

Data  of  Test  Columns. 


Column 
No. 

Description 

Length 
ft.  in. 

I 

r 

Area  of 
Gross 
Section 
sq.  in  . 

Concrete 
Mixture 

Age  of 

Test 
days 

8902 

Plain  Steel 

2-0 

6.1 

13 

8905 
8906 

Plain  Steel 
Plain  Steel 

4-8 

4-8 

14.4 

14.4 

13 
13 

8907 
8908 

Core  Type 
Core  Type 

4-8 
4-8 

120 
120 

1-2-4 
1-2-4 

60 
59 

8910 
8911 

Plain  Steel 
Plain  Steel 

10-0 
10-0 

30.8 
30.8 

13 
13 

8912 
8913 

Core  Type 
Core  Type 

10-0 
10-0 

120 
110 

1-2-4 
1-2-4 

60 
62 

8914 

Plain  Steel 

10-0 

30.8 

13 

8915 
8916 

Plain  Steel 
Plain  Steel 

15-4 
15-4 

47.2 
47.2 

13 
13 

8917 
8918 

Core  Type 
Core  Type 

15-4 
15-4 

180 

120 

1-2-4 
1-2-4 

61 

59 

8920 
8921 

Plain  Steel 
Plain  Steel 

19-4 
19-4 

59.5 
59.5 

13 
13 

8922 
8923 

Core  Type 
Core  Type 

19-4 
19-4 

120 

120 

1-2-4 

1^-4 

60 
60 

8915 
8926 

Core  Type 
Core  Type 

10  0 
10-0 

120 
120 

1-1-2 
1-1-2 

61 
60 

8927 
8928 

Core  Type 
Core  Type 

10-0 
10-0 

120 
120 

1-3-6 
1-3-6 

59 
60 

8929 
8930 
8931 

Fi  reproofed 
Fireproofed 
Fireproof  ed 

10-0 
10-0 
10-0 

213 
213 
213 

1-2-4 
1-2-4 
1-2-4 

60 
60 
60 

8933 
8934 
8935 
8936 

Spiraled* 
Spiraled* 
Spiraled* 
Spiraled* 

10-0 
10-0 
10-0 
10-0 

153 
153 
153 
153 

1-2-4 
1-2-4 
1-2-4 
1-2-4 

60 
59 
59 

60 

8937 
8938 

Spiraledt 
Spiraledt 

10-0 
10-0 

153 

153 

1-2-4 

1-2-4 

60 
59 

*0.75  1o  of  spiral  reinforcement. 
1 1.0  ^  of  spiral  reinforcement. 

the  load  is  unevenly  distributed  over  the  section  the  tendency 
towards  bending  is  increased.  The  effect  of  poor  end  conditions  is 
more  serious  in  short  columns  than  in  long  ones;  in  the  19  ft.  4-in. 
columns  its  effect  is  probably  negligible.  In  studying  the  effect 
of  length  on  column  strength  the  effect  of  end  conditions  must  be 
borne  in  mind.  Columns  No.  8902  and  8914  had  the  best  end  con- 
ditions of  any  tested.  In  the  2-ft.  column  (No.  8902)  a  test  was 
found  to  be  impracticable  without  carefully  turning  the  ends  in  a 
lathe. 
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TABLE    6. 
MAXIMUM  LOADS  CARRIED  BY  COLUMNS  AND  BY  StEEL  AND  CONCKETE. 


Total  Load  in  Pounds 


Pounds  per  square 
inch  of  Section 


Column    I  I         Load  Load 

No.       I    Column        Considered        Considered  g^eei        Concrete 

Load  as  Carried  '     -  ''•■•■■■•"^d    I  I 

by  Steel 


as  Carried 
bv  Concrete 


8005 
8906 


8907 


8910 
8911 


8912 
8913 


8914 


8915 
8916 


8917 
8918 


8920 
8921 


8922 
8923 


8925 
8926 


8927 


8930 
8931 

8933 
8934 
8935 
8936 

8937 
8938 

8934 
8935 


8937 
8938 


8937 


487  300 

440  2(.X) 
449  000 

577  000 
602  000 

410  400 
425  600 

510  000 
584  700 

424  000 

368  000 
376  OOO 

468  500 
532  200 

374  200 
345  000 

491  400 
495  500 

636  000 
655  000 

516  000 
530  500 

600  000* 
630  700 
635  700 

600  000 
600  000 
600  000 
625  000 

600  000 
600  000 

856  000 
830  000 
600  000 

830  000 
827  000 

714  000 


444  600 
444  600 


418  000 
418  000 


372  000 
372  000 


359  600 
359  600 

418  000 
418  000 

418  000 
418  000 


418  000 
41K  000 


132  400 
157  400 


92  000 
166  700 


96  500 
160  200 


131  800 
135  900 

«18  000 
237  000 

98  000 
112  500 


212  700 

217  700 


33  700 

34  700 

34  200 
34  200 

31  600 

32  700 

32  150 
32  150 

32  600 

28  300 
28  900 

28  600 
28  600 

28  800 

26  500 

27  650 
27  650 

32  150 
82  150 

32  150 
32  150 


32  150 
3  2  150 


1240 
1470 


1560 


900 
1500 


1230 
1270 


2040 
2210 


920 
1050 


1060 
1090 


Maximum  load  applied  five  times;  not  broken. 

Max?mum°oad  applied  three  times:  not  broken. 
Not  broken. 

Maximum  load  applied  three  times:  not  broken. 
Not  broken. 

Second  test:  near  ultimate. 
Second  test:  near  ultimate. 
Second  test:  not  broken. 

Second  test:  not  broken, 
second  test:  not  broken. 

Third  test  with  spiral  and  outside  concrete  removed. 


*jIot  broken. 

(o)  The  conditions  of  the  end  restraint  will  affect  the  curve 
taken  bv  a  column.  The  lower  end,  bearing  on  the  unyielding 
wethin'gLbl  of  the  testing  machine,  is  quite  hrmly  -strained  un^ 
Wl  serious  bending  occurs  in  the  column.  The  upper  end  is  loaded 
through  a  spherical  bearing  block  in  order  to  secure  adjustment 
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with  the  compression  head  of  the  testing  machine.  With  this 
arrangement,  this  adjustable  bearing  block  may  finally  move  on 
itself  as  the  tendency  to  bend  in  the  column  overcomes  the  friction 
between  the  surfaces  of  the  spherical  bearing  block,  and  thus  only 
partial  restraint  will  exist.  In  the  first  five  plain  steel  columns 
tested  (No.  8905,  8906,  8910,  8915,  8920)  no  effort  was  made  to  pre- 
vent this  movement,  and  the  column  was  in  the  condition  of  one 
end  fixed  and  one  end  partly  restrained.  Neither  the  fixedness  nor 
the  freedom  of  the  ends  can  be  considered  as  in  any  sense  abso- 
lute; they  must  be  taken  as  relative  terms.  In  all  the  column 
tests  after  the  five  noted  above,  special  wedges  and  angle  blocks 
were  driven  under  the  upper  head  (at  a  load  of  50  0001b.),  the 


TABLE    7. 

Loads  Carried  at  Various  Unit-dbformations. 

Loads  are  given  in  thousands  of  pounds  for  the  unit-deformation 
given  in  the  column  caption  and  in  the  last  column  for  the  maximum 
load  applied. 


Column 

No. 

.0002 

.0004 

.0006 

.0008 

.0010 

.0012 

.0014 

.0016 

.0018 

.0020 

.0030 

.0040 

Max. 
Lioad 

8905 

83 

160 

229 

290 

341 

379 

405 

422 

440 

8906 

83 

161 

235 

300 

355 

396 

421 

449 

8907 

115 

206 

286 

360 

419 

467 

515 

557 

577 

8908 

120 

216 

311 

390 

465 

529 

565 

592 

602 

8910 

82 

158 

226 

286 

338 

372 

393 

410 

8911 

8J 

155 

221 

281 

335 

377 

402 

426 

8912 

121 

207 

286 

355 

414 

455 

510 

8913 

123 

224 

319 

390 

461 

516 

548 

585 

8914 

80 

160 

233 

300 

S55 

390 

410 

419 

423 

424 

8915 

84 

154 

216 

271 

319 

352 

368 

8916 

86 

159 

221 

276 

321 

353 

373 

376 

8617 

109 

193 

268 

336 

393 

432 

468 

8918 

118 

208 

288 

363 

429 

482 

509 

532 

8920 

80 

150 

211 

262 

308 

349 

374 

8921 

84 

156 

214 

265 

310 

345 

8922 

115 

199 

269 

331 

387 

491 

8923 

114 

206 

285 

358 

427 

477 

495 

8925 

132 

240 

336 

426 

505 

568 

604 

624 

636 

8926 

119 

226 

320 

405 

486 

553 

594 

619 

635 

647 

655 

8927 

107 

190 

265 

334 

397 

447 

480 

500 

516 

8928 

105 

187 

264 

335 

399 

452 

486 

500 

530 

8929 

141 

257 

357 

452 

534 

594 

600i 

8930 

117 

218 

310 

398 

474 

536 

581 

611 

631 

8931 

144 

254 

317 

424 

492 

546 

585 

610 

626 

636 

8933 

126 

231 

322 

409 

489 

550 

588 

600i 

8931 

134 

235 

321 

394 

459 

511 

545 

568 

588  ; 

600i 

8935 

136 

242 

338 

430 

516 

578 

600 

600 

600i 

8936 

129 

234 

324 

406 

483 

541 

579 

625t 

8937 

135 

242 

338 

427 

508 

567 

600 

600t 

8938 

124 

230 

326 

416 

491 

543 

581 

600i 

8934* 

112 

220 

325 

430 

525 

625 

6»5 

715 

737 

755 

808 

835 

856i 

8935* 

100 

200 

300 

410 

525 

640 

690 

720 

743 

761 

815 

830t 

8936* 

110 

200 

290 

375 

460 

540 

592 

600i 

8937* 

96 

194 

295 

404 

520 

628 

680 

710 

733 

753 

815 

830i 

8938* 

110 

218 

322 

430 

540 

653 

705 

730 

750 

768 

820 

827t 

8937t 

111 

225 

340 

453 

567 

656 

700 

712 

714 

714 

•Second  test:  all  second  tests  made  at  Lehigh  University  except  column  No.  8936. 

tThird  test;  made  at  Lehigh  University. 

iThe  column  did  not  fail  under  maximum  load  applied. 
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spherical  bearing  block  having  had  opportunity  to  adjust  the 
bearing  satisfactorily  by  this  time  and  no  appreciable  tendency  to 
bend  having  yet  developed  in  the  column.  In  this  manner  the 
spherical  bearing  block  was  restrained  from  further  motion  and 
became  in  effect  as  rigid  a  loading  block  as  the  base.  Fig.  2, 
facing  p.  16,  shows  the  arrangement  used  in  the  later  tests.  That 
the  apparatus  accomplished  the  desired  purpose  is  evidenced  by 
the  fact  that  failure  in  bending  occurred  almost  invariably  at  or 
near  the  center  of  the  column.  It  may  be  noted  in  this  connection 
that  the  conditions  of  restraint  in  the  testing  machine  are  probably 
not'  as  neir  fixed-end  conditions  as  are  those  of  a  reinforced  con- 
crete building. 

III.     Experimental.  Data  and  Discussion. 

13.  Data. — In  Table  6,  page  15,  are  given  the  maximum  loads 
carried  by  the  test  columns.  The  loads  carried  at  various  unit- 
deformations  (interpolated  between  readings)  are  given  in 
Table  7.  The  load  deformation  diagrams  are  given  in  Pig.  6, 
7,  11,  15,  18,  19,  and  20.  Complete  data  for  all  tests  are  on  file 
in  the  Laboratory  of  Applied  Mechanics  of  the  University  of 
Illinois,  but  as  there  were  two  hundred  or  more  readings  of 
deformations  for  most  of  the  tests,  only  the  summarized  data  are 
given  in  this  bulletin. 

The  discussion  of  the  tests  will  be  made  under  the  following 
heads:  A.  Plain  Steel  Columns — Effect  of  Length;  B.  Core 
Type— Effect  of  Length;  C.  Core  Type — Value  of  Concrete;; 
D.  Fireproofed  Columns;  E.  Spiraled  Columns;  F.  Summary. 

A.    Plain  Stkel  Columns— Effect  of  Length. 

11.  Phenomena  of  the  Tests. — The  plain  steel  columns  showed 
test  phenomena  which  were  consistently  uniform.  At  loads  of 
from  225  000  to  250  000  pounds  cracking  sounds  were  heard  and 
these  continued  intermittently  throughout  the  remainder  of  the 
test.  The  time  required  to  add  the  25  000-lb.  increment  of  load 
gradually  became  longer  with  the  testing  machine  running  at 
a  uniform  speed,  and  at  the  maximum  load  the  weighing  beam 
floated  within  a  range  of  1000  lb.  for  a  period  of  10  or  15  minutes. 
At  maximum  load  no  bending  was  visible  to  the  eye  except  in 
the  longer  columns  and  very  little  was  shown  by  the  deformation 
readings.  After  the  maximum  load  was  reached  and  the  machine 
head    was  run    down  to  complete  the   failure    of    the    column 
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(generally  at  a  faster  speed),  bending  developed  very  gradually. 
In  general  this  bending  was  fairly  symmetrical  about  the  middle 
of  the  length, 

15.  Stress- deformation  Relations. — The  load- deformation  dia- 
grams for  the  plain  steel  columns  are  given  in  Pig.  6.  It  is 
seen  that  the  load-deformation  curves  bend  at  low  loads.  This 
may  be  due  partly  to  imperfect  end  bearings  of  the  steel  shapes 
and  to  the  arrangement  of  instruments  which  presupposed  the 
conservation  of  a  plane  section  in  the  column  during  the  test. 
Column  No,  8914  whose  ends  were  dressed  quite  carefully  to  a 
fairly  true  surface  and  for  which  the  extensometer  was  arranged 
to  avoid  any  effect  of  bending  shows  a  straight  line  up  to  175  000 
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DErOPM/7  T/ON  PER  UN/T  OF  LENGTH 

Fig,    6,      LOAD-DEFORMATION  DIAGRAMS  FOR  PLAIN  StEEL  COLUMNS. 
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lb.  load  and  also  an  increase  in  stiffness  over  the  other  two  col- 
umns of  the  same  length.  Even  in  this  case  a  marked  bending 
is  present  in  the  diagram  well  below  the  maximum  load. 

In  Table  8,  page  22,  are  given  the  secant  moduli  of  elastic- 
ity, calculated  from  the  curves,  for  unit-deformations  of  .0004, 
.0007,  .0010,  and  for  a  point  near  the  ultimate  load.  From  these 
computations,  it  would  appear  that  the  modulus  of  elasticity  for 
low  deformations  may  be  considered  as  lying  between  80  000  000 
and  31  500  000  lb.  per  sq.  in.  In  Pig.  7  the  average  load- 
deformation  curves  for   the  several  lengths  of  column  are  also 
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DErORM/JT/O/V  P^R  C/N/T  OF  L^rySTH 

Average  Deformation  Diagrams  for  Plain  Steel  Columns 
OF  Various  Lengths. 


shown.  It  is  apparent  that  the  modulus  of  elasticity  of  the  col- 
umn as  a  whole  decreases  as  the  length  of  the  column  increases. 
It  is  also  seen  that  the  unit-deformation  in  the  column  as  a  whole 
at  the  maximum  load  becomes  less  as  the  length  of  the  column 
increases.  This  is  an  indication  of  localized  high  stresses  in  the 
column. 

16.  Relation  of  Strength  to  Length. — In  Table  6,  page  15, 
are  given  the  maximum  loads  carried  by  the  plain  steel  columns 
of  the  several  lengths. 

Tests  which  have  been  made  in  the  past  on  relatively  small 
columns  indicate  that  for  columns  having  a  ratio  of  length  {l)  to 
radius  of  gyration  (v)  less  than,  say,  100,  the  results  may  be  ex- 
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pected  to  fall  along  a  line  slightly  inclined  to  the  —  axis.  In  ar- 
riving at  an  expression  for  the  effect  of  length  upon  strength  it  may 
add  to  our  clearness  of  perception  to  trace  the  development  of  the 
effect  of  length  upon  strength  at  various  stages  of  the  test.      In 
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Fig.  8.    Load-lexgth  Diagrams  for  Plain  Steel  Columns. 
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Pig.  8  the  results  for  the  four  lengths  of  column  are  plotted  for 
unit-deformations  of  .0005,  .0008,  .0010,  and  for  ultimate  load.     The 

four  equations  give  the  relation  between  — 


and  unit-stress   at 


these  deformations.  The  equations  show  that  the  effect  of  length 
upon  stress  is  small  at  low  deformations  and  is  relatively  much 
higher  at  the  higher  deformations.  In  a  similar  manner  results 
were  plotted  for  other  unit-deformations  from  .0003  to  .0012,  and 
from  these  data  Fig.  9  has  been  prepared.     In  this  figure  values 

P  I 

of /and  ^•  for  the  column  formula  —r=f—  k —  are  given  for    a 

A  7' 

range  of  values  of  the  unit- deformation.  The  lower  curve  also 
shows  the  increasing  effect  of  the  slenderness  ratio  on  the 
strength  as  the  test  progresses.  If  we  should  produce  the 
tangent  back  to  the  horizontal  axis  the  intersection  is  at  .0004, 
and  it  is  not  far  from  the  facts  to  say  that  up  to  a  unit-deforma- 
tion of  .0001  the  slenderness  ratio  has  no  effect  and  that  beyond 
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Fig.  9.    Value  of  Terms  in  Straight-line  Formula  for  Plain 


Steel  Columns.    Column  formula : 


r 


this  deformation  it  increases  in  a  constant  ratio  to  the  increase 
in  deformation.  Prom  these  diagrams  it  appears  that  a  straight 
line  will  represent  the  results  very  satisfactorily  for  any  given 
unit-deformation. 

For  the  ultimate  load,  the  nature  of  the  strength-length  re- 
lation is  somewhat  affected  by  the  fact  that  the  ultimate  general 
unit- deformation  of  a  column  at  its  maximum  load  is  smaller  for 
the  greater  lengths  of  column,  as  is  shown  in  Fig.  7.  While  for 
deformations   less  than  the  ultimate  the   straight-line  equation 
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Fig.  10.    Column  Formulas  for  Maximum  Load. 
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alone  appears  to  apply,  at  the  ultimate  it  is  possible  to  construct 
an  equation  of  the  Kankine  type  which  will  represent  the  result 
quite  closely.  In  Fig,  10  such  an  equation  and  a  straight-line 
equation  are  plotted.      The  equations  are  as  follows: 

Straight- line:    ^  =  36  500  -  155  — 
A  r 

r^     ,  .       ^  P  35  000 

Rankine  type:  — -  = 


'     1+  '' 


12000  r^ 

It  appears  that  the  straight  line  equation  represents  the  test 
results  as  closely  as  the  Rankine  equation.     The  ultimate  load  for 

-7-  =  0  is  higher  for  the  straight-line  equation  than  by  the  Ran- 
kine equation,  and  both  are  lower  than  the  stress  of  37  5001b.  per 
sq.  in.  carried  by  the  test  column  two  feet  long  and  the  stress  of 
39  700  lb.  per  sq.  in.  carried  by  the  compression  test  pieces  taken 
from  the  flanges.  After  making  a  study  of  the  data  it  is  believed 
that  the  straight-line  equation  given  above  may  be  considered 
best  to  represent  the  effect  of  length  upon  ultimate  load  for  the 
plain  steel  columns  tested. 

B.    Core  Type— Effect  of  Length. 

17.  Phenomena  of  the  Tests. — The  columns  in  which  the  core 
only  was  filled  with  concrete  acted  in  much  the  same  way  as  the 
plain  steel  columns.  The  concrete  was  somewhat  restrained  by 
the  structural  shapes,  but  the  capacity  for  carrying  an  increasing 
load  accompanied  by  the  development  of  very  high  deformations 
which  has  been  found  in  hooped  concrete  columns  was  not  pres- 
ent. The  columns  exhibited  much  toughness  and  gave  slow 
failures. 

All  the  columns  were  tested  with  the  upper  bearing  block 
restrained  from  motion,  and  in  all  cases  the  bending  was  symmet- 
rical about  the  center  or  it  occurred  below  the  center.  Very  little 
bending  was  apparent  at  the  maximum  load.  The  bending  shown 
in  the  view  in  Fig.  3,  facing  p.  16,  occurred  some  time  after  the 
maximum  strength  of  the  column  had  been  developed.  In  the 
final  failure  of  the  column,  at  deformations  well  beyond  the  maxi- 
mum load,  the  crushing  of  the  concrete  was  frequently  more 
marked  at  the  top  of  the  column  than  elsewhere,  due  probably  to 
the  smaller  density  of  the  concrete  at  this  place.  In  the  columns 
4  ft.  8  in.  long  practically  no  bending  occurred,  and  the  columns 
failed  by  general  crushing  which  was  more  marked  over  the  up- 
per half.      The  columns  10  feet  long,  in  the  continuation  of  the 
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test  beyond  the  maximum  load,  failed  finally  in  bending,  No  8912 
bending  about  the  center  and  No.  8913  bending  sharply  near  the 
base.  The  columns  15  feet  4  in.  long  and  19  feet  4  in.  long,  after 
passing  the  maximum  load,  bent  symmetrically  about  the  center. 
In  the  latter  part  of  the  test,  the  concrete  crushed  on  one  side  of 
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Fig.  1L    Load-deformation  Diagrams  for  Core  Type  of  Column. 

the  column  at  the  center  and  on  the  opposite  side  at  the  top  and 
bottom.  The  varying  density  of  the  concrete  caused  by  the  ob- 
struction to  settlement  and  shrinkage  in  setting  offered  by  the 
steel  was  shown  in  the  final  crushing.     In  all  cases  the  crushing 
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was  more  marked  at  points  at  or  immediately  above  the  tie  plates 
in  the  steel  columns  than  at  points  between  these  plates.  Ap- 
parently the  concrete  was  less  dense  at  the  first- named  places. 
As  noted  above,  and  as  was  to  be  expected,  the  concrete  at  the 
top  of  the  column  was  weaker  and  less  dense  than  that  lower 
down. 

18.  Stress- deformation  Relations. — Fig.  11,  page  24,  gives 
load-deformation  diagrams  for  these  columns.  It  was  evi- 
dent from  the  test  results  that  in  these  columns  the  conservation 
of  plane  section  was  well  maintained  during  the  test,  and  this  con- 
dition has  been  assumed  in  the  interpretation  of  the  data.  The 
load-deformation  curves  are  similar  to  those  of  the  plain  steel  col- 
umns. In  the  diagrams  in  Pig.  11  the  average  load-deformation 
curve  for  the  two  plain  steel  columns  of  the  same  length  has  also 
been  drawn. 

19.  Effect  of  Test  Conditions. — The  thickness  of  the  mortar 
cushion  between  the  end  of  the  steel  column  at  the  top  and  the 
bearing  plate  may  have  exerted  an  influence  on  the  strength  of 
the  columns,  but  it  is  difficult  to  arrive  at  any  estimate  of  the 
amount  of  this.  Where  the  joint  was  extremely  thin,  as  was 
generally  the  case,  its  effect  was  undoubtedly  negligible,  but  in 
one  case  where  this  joint  was  nearly  i  inch  thick  it  may  have 
exerted  an  appreciable  influence  on  the  strength  developed  by  the 
column. 

20.  Ejffect  of  Lenqth. — The  maximum  loads  carried  by  the 
columns  are  given  in  Table  6,  page  15. 

In  the  discussion  of  the  effect  of  length  of  column  the   slen- 

derness  function  may  be  expressed  in  terms  of  —  where   I  is  the 

length  of  the  column  and  d  is  the  short  diameter  of  the  column 
section.     In  a  following  paragraph  the  effect  of  the  length  will 

be  expressed  in  terms  of  —  ,  where  r  is  the  radius  of  gyration  of 

the  steel  section. 

In  Fig.  12  are  plotted  the  loads  for  eight  columns  for  unit  defor- 
mations of  .0005,  .0008,  .0010  and  also  for  ultimate  load.  Owing 
to  variations  in  the  concrete  strength  these  points'  can  not  be  ex- 
pected to  show  as  close  agreement  as  did  the  plain  steel  columns. 
It  may  be  noted  that  for  each  length  of  column  the  specimen 
showing  greater  strength  was  made  on  Nov.  8  and  the  weaker  one 
on  an  earlier  date,  the  variation  in  the  strength  agreeing  with 
variation  of  strength  of  cubes  and  cylinders,  as  discussed  else- 
where.    The  straight  lines  on  this  diagram  express   fairly  well 
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the  relation  between 


and  the   average  unit-stress  over   the 


cross-section  of  the  column  for  several  unit- deformations  and  for 
the  maximum  loads.  P  represents  the  load  on  the  column  and  A 
the  area  of  the  cross- section  of  both  steel  and  concrete.      The 

P  I 

equation  for  the  maximum  load  is  seen  to  be  — =  5150—52  —. 
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Pig.  13  gives  values  of  /,  the  first  term  of  the  second  member 
in  the  straight-line  column  formula,   and  of  k,  the  coefficient  of 

— ,  for  the  range  of  unit-deformations. 

21.  Comparison  with  Plain  Steel  Colimins. — In  order  to  obtain 
a  comparison  of  the  effect  of  slenderness  in  columns  of  the  core 
type  and  in  plain  steel  columns,  Fig.  1-4  has  been  prepared.  In 
this  diagram,  for  the  purpose  of  comparison,   the  total  load  has 
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Fig.  U.    Load-length  Diagram  in  Terms  of  the  Steel  Section  for 

Core  Type  of  Column. 


been  considered  to  be  carried  by  the  steel  alone.  A  is  the  area  of 
the  cross- section  of  the  steel  and  r  is  its  radius  of  gyration.     By 

comparing  with  Fig.  8  it  is  seen  that  the  coefficients  of  ^-  agree 

very  closely  with  the  coefficients  of  —  found  in  the  tests  of  plain 

steel  columns  at  the  same  compression  deformations.      Thus   at 

ultimate  load  the  coefficient  of  —  is  155  for  the  plain  steel  col- 

r 

umns  and  160  for  the  reinforced  steel  columns.  This  would  indi- 
cate that  in  the  core  type  of  column  within  the  limits  of  length 
tested,  the  effect  of  length  upon  strength  of  column  is  a  function 
of  the  slenderness  ratio  of  the  steel  itself  and  is  almost  independ- 
ent of  the  slenderness  ratio  of  the  concrete.  This  conclusion  is 
in  accord  with  results  of  tests  of  long  concrete  columns  made 
in  the  Laboratory  of  Applied  Mechanics,  plain  concrete  columns 
20  diameters  long  giving  nearly  as  great  strength  as  columns  10 
diameters  long.  The  discussion  of  the  amount  of  stress  taken  by 
the  concrete  is  given  in  a  later  paragraph. 
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C.  Core  Type— Value  of  Concrete. 
22.  Test  Phenomena  and  Stress-deformation  Relations  for  Various 
Mixtures. — All  the  columns  of  the  core  type  showed  substantially 
the  same  test  phenomena  for  the  different  mixtures  of  concrete, 
a  fact  which  may  be  accounted  for  by  the  presence  oi  sufficient 
steel  to  make  the  concrete  effect  the  smaller  element.  As  in  none 
of  these  columns  did  the  total  load  taken  by  the  concrete  exceed 
one  half  of  that  taken  by  the  steel,  it  would  be  expected  that  the 
steel  would  govern  the  general  behavior  of  the  column  under  test. 
The  1-1-2  columns  were  found  to  sustain  a  greater  ultimate  unit- 
deformation  than  the  columns  of  leaner  mixtures.  The  load- 
deformation  diagrams  for  the  columns  of  1-1-2  mix  and  1-3-6 
mix  are  given  in  Pig.  15.  The  close  similarity  of  the  load  defor- 
mation diagrams  and  those  of  the  1-2-4  mix  of  the  same  length, 
shown  in  Fig.  11  and  15,  may  be  noted. 
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Fig.  15.    Load-deformation  Diagrams  for  Columns  with  Lean  and 

EiCH  Concrete. 

23,  Basis  for  Determining  Load  Taken  by  Concrete. — In  study- 
ing the  strengthening  effect  of  the  concrete  on  the  steel  column 
it  is  necessary  to  decide  upon  some  basis  of  division  of  the  total 
load  into  the  part  considered  to  be  carried  by  the  steel  and  the 
part  carried  by  the  concrete  of  the  columns.     The   load-deforma- 
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tion  diagrams  given  for  the  tests  of  plain  steel  columns  (Pig.  6, 
page  18)  show  that  the  compression  deformations  of  these  col- 
umns vary  considerably  from  a  straight  line,  which  would  be  the 
form  if  a  constant  modulus  of  elasticity  were  assumed  for  the  col- 
umn. A  sti'aight  line  relation  does  not  take  into  account  the  ad- 
justments in  the  bearing  of  the  rivets  and  in  the  loading  of  the 
tie  plates  or  lacing  bars,  the  local  flexure  of  the  flanges,  and  the 
later  changes  in  the  stiffness  of  the  material  itself.  Of  course,  it 
can  not  be  told  to  what  extent  the  presence  of  the  core  concrete 
in  columns  will  overcome  the  agencies  which  cause  curvature  in 
a  plain  steel  column  before  parts  of  the  steel  reach  the  yield 
point.  It  seems  probable  that  there  will  be  some  such  action  and 
that  the  concreting  of  the  column  will  add  stiffness  to  the  steel 
section  itself.  However,  for  the  purpose  of  the  discussion  it  seems 
best  to  consider  that  the  steel  section  in  any  concreted  column 
carried  the  same  amount  of  load  as  was  carried  by  a  plain  steel 
column  of  the  same  length.  For  this  purpose  the  average  load- 
deformation  diagram  for  the  plain  steel  columns  of  the  same  length 
are  plotted  on  the  load  deformation  diagrams  of  the  tests  of  columns 
of  core  type.  (See  Fig.  11  and  15).  For  any  given  unit-deforma- 
tion we  may  then  obtain  the  amount  of  load  considered  to  be  car- 
ried by  the  concrete  by  subtracting  the  load  carried  by  the  plain 
steel  columns  at  this  deformation  from  the  total  load  carried  by 
the  concreted  column.  The  results  have  been  plotted  on  the  line 
marked  "Concrete".  It  seems  possible  that  the  values  given  by 
this  line  will  be  somewhat  in  excess  of  the  part  actually  taken  by 
the  concrete,  though  of  course  it  may  be  of  little  consequence 
whether  this  small  part  of  the  load  is  taken  by  the  concrete  or  is 
carried  by  the  steel  by  reason  of  the  greater  stiffness  given  it  by 
the  concrete.  A  similar  method  was  used  for  determining  the 
part  of  the  load  taken  by  the  concrete  at  the  maximum  strength 
of  the  column.  The  values  thus  found  are  given  in  Table  6. 
These  methods  of  dividing  load  between  steel  and  concrete  will 
be  used  in  the  later  discussion  of  the  ratio  of  steel  stresses  to 
concrete  stresses. 

24.  Development  and  Amount  of  Concrete  Stress. — A  considera- 
tion of  these  derived  curves  for  the  concrete  (Fig.  11  and  15)  en- 
ables the  unit-stress  on  the  concrete  to  be  determined  (a  com- 
parative and  not  an  absolute  figure)  and  also  the  manner  of  de- 
velopment of  this  stress  throughout  the  test.  For  all  mixtures 
it  was  found  that  at  the  beginning  of  the  test  the  concrete  took 
the  load  rapidly,  with    constant  speed   in   the  testing   machine, 
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much  the  same  as  does  the  concrete  in  the  cube  or  the  cylinder. 
Iq  Pig.  16  the  stress-deformation  diagrams  are  shown  for  the 
concrete  of  several  columns  and  for  the  cylinder  made  from  the 
sioae  batch  of  concrete.  In  the  earlier  stages  of  the  test  the 
curves  are  not  dissimilar.  As  the  deformation  increases,  how- 
ever, the  concrete  in  the  columns  takes  proportionately  less  and 
less  stress.  In  general,  too,  the  concrete  in  the  column  may  be 
said  to  be  less  stiff  than  the  same  concrete  placed  in  the  cylinder. 
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Fig.  16.    Comparison  of  Stress-deformation  in  Column  Concrete 
AND  IN  Cylinders. 

For  the  1-1-2  concrete  there  are  no  exceptions  to  this  statement. 
For  the  1-2-1  mixture  6  out  of  8  columns  follow  the  rule  and  the 
other  two  follow  the  rule  up  to  a  medium  load.  For  the  1-3-6 
mixture  both  columns  show  less  stiffness  up  to  a  medium  load  and 
greater  stiffness  at  the  latter  stages  of  the  test  than  do  the  cor- 
responding concrete  cylinders.  None  of  the  concrete  curves  of 
Fig.  11  and  15  reaches  its  maximum  value  before  the  column  as  a 
whole  reaches  its  ultimate  load,  but  the  curve  becomes  very  flat  at 
the  higher  deformations  and  shows  a  tendency  for  the  concrete 
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stress  to  become  nearly  constant  in  value  over  a  considerable  range 
of  shortening.  This  tendency  is  one  to  be  considered  in  deciding 
upon  permissible  stresses  for  use  in  designing  columns  of  the 
core  type. 

The  amount  of  stress  considered  to  be  taken  by  the  concrete, 
upon  the  assumptions  previously  discussed,  is  given  in  Table  6, 
page  15.  It  is  to  be  noted  that  the  columns  with  1-2-4  concrete 
made  on  October  28  and  29  give  concrete  stresses  much  lower 
than  those  made  on  November  8,  so  much  so  that  the  concrete  of 
the  columns  falls  into  two  distinct  groups.  The  cube  and  cylinder 
tests  fall  into  two  similar  groups.  The  materials  were  taken 
from  the  same  lot  and  it  is  reasonably  certain  that  the  measure- 
ments and  weights  of  materials  are  correct.  The  tests  indicate 
that  the  cement  used  early  in  the  season  acquired  its  strength 
more  slowly  than  that  used  later,  (the  later  specimens  acquired 
a  normal  amount  of  additional  strength  between  the  ages  of  60  and 
90  days)  and  the  room  temperature  the  last  of  October  and  the  first 
of  November  was  lower  than  later  in  the  year.  It  is  thought  then 
that  part  of  the  difference  in  strength  is  due  to  differences  in  rate  of 
hardening.  Under  the  circumstances  it  will  be  best  to  treat  the 
1-2-4  columns  as  made  of  two  grades  of  concrete,  dividing  them 
into  two  groups,  those  made  October  28  and  29  in  group  (a)  (No. 
8907,  8912,  8917  and  8922)  and  those  made  November  8  in  group 
(b)  (No.  8908,  8913,  8918  and  8923).  The  columns  with  1-1-2  con- 
crete gave  a  similar  but  smaller  variation.  The  distinctions 
named  above  have  been  indicated  in  Fig.  12  and  14,  the  solid 
symbols  representing  group  (a)  and  the  open  symbols  group  (b). 

25.  Comparison  of  Cube  and  Cylinder  Strength  with  Column 
Strength. — In  Pig.  17  the  values  of  the  ultimate  stresses  taken  by 
the  concrete  determined  as  described  in  a  preceding  paragraph 
are  plotted  as  abscissas  and  the  strengths  of  the  corresponding 
cubes  and  cylinders  made  from  the  same  batch  of  concrete  as 
ordinates.  The  results  of  the  two  groups  of  1-2-4  concrete  are 
shown  by  separate  symbols.  The  relation  between  the  cube  and 
the  column  strengths  seems  to  be  well  expressed  by  a  straight 
line;  it  indicates  that  the  column  concrete  developed  about  two- 
thirds  the  strength  of  the  same  concrete  tested  in  6-in.  cubes. 
The  relation  between  the  cylinder  and  the  column  strengths  seems 
more  uncertain.  For  the  1-2-4  mixtures,  the  ratio  seems  to  be 
about  1.  For  the  1-1-2  mixture  the  cylinder  shows  higher 
strength  and  for  the  1-3-6  mixture  the  core  concrete  shows  higher 
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strength.      The   average    of    all   the  ratios   of  cylinder- column 
strength  is  about  1. 

26.  Values  of  E  and  n. — An  accurate  determination  of  the 
modulus  of  elasticity  of  the  column  concrete  can  not  be  made,  but 
for  the  purposes  of  comparison  it  may  be  proper  to  use  the 
stresses  obtained  by  the  method  given  in  "23.  Basis  for  Deter- 
mining Load  Taken  by  Concrete".   Assuming  these  concrete  stress- 
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es  to  be  correct,  the  secant  moduli  of  elasticity  {E)  have  been  cal- 
culated and  are  given  in  Table  8,  page  22,  for  unit  deformations  of 
.0004,  .0007,  .0010  and  for  a  deformation  near  the  ultimate.  The 
ratio  between  this  modulus  of  elasticity  and  the  modulus  of 
elasticity  of  the  plain  steel  column  at  the  same  deformation 
(values  of  n)  are  also  given  in  Table  8.  This  ratio  expresses  the 
relation  between  the  unit- stress  taken  by  the  steel  and  the  unit- 
stress  taken  by  the  concrete.  It  is  to  be  noted  that  these  values 
of  the  ratio  n  a?'e  larger  than  ordinarily   assumed  in   reinforced 
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concrete  design.  This  is  probably  due  largely  to  the  fact  that 
the  concrete  in  the  column  is  less  dense  than  the  same  concrete 
would  be  if  allowed  to  settle  and  shrink  freely.  A  striking  fact 
is  that  for  widely  different  values  of  the  unit-deformations  the 
value  of  n  varies  but  little. 

If  the  columns  with  1-2-4  concrete  are  divided  into  the  two 
groups  noted  in  ":24.  Development  and  Amount  of  Concrete 
Stress",  we  shall  obtain  the  values  for  the  stresses  taken  by  the 
concrete  and  the  values  of  the  ratio  n  given  in  Table  8.  In 
discussing  the  value  of  n  to  be  used  in  design  it  must  be  borne  in 
mind  that  the  concrete  in  the  columns  was  not  as  well  seasoned 
as  would  ordinarily  be  the  casein  building  construction.  It  should 

TABLE    9. 

Average  Strength  of  Specimens  and  Values  of  n. 
Stresses  are  given  in  pounds  per  square  inch. 


Compressive  Strength 

Average 
Values  of  n 

Mixture 

Cube 

Cylinder 

Column 
Concrete 

Values  of  n 

1-3-6 

HOO 

630 

990 

36 

35 

1-2-4     (a) 
(6) 

1500 
2200 

1150 
1300 

1050 
1450 

35 
23 

25 

1-1-2 

3100 

2475 

2125 

16 

16 

also  be  said  that,  as  in  this  type  of  column  the  steel  will  be  used 
as  the  basis  of  design,  the  value  of  the  ratio  n  to  be  accepted  in 
design  should  be  greater  than  the  average  value  found,  rather 
than  less,  in  order  to  be  on  the  safe  side.  In  Table  9  values  of  n 
for  the  different  mixtures  of  concrete  are  given  which  seem 
reasonable  for  use  in  design. 

Another  Basis  for   Design. — Another    basis   for  design   which 
seems  rational  is  to  determine  the  strength  of  the   steel  column 

for   the  —  of  the  steel  column,  taking  this  from  the  straight-line 

?• 

equation  on  page  23,  and  then  to  use  as  the  strength  of  the 
concrete  of  the  core  section  (without  reference  to  the  length  of 
the  column  for  the  column  slenderness  usual  in  buildings)  a  value 
taken  from  the  strength  of  plain  concrete,  say  two-thirds  of  the 
cube  strength,  in  this  way  combining  the  strength  of  steel  and 
concrete.     This  seems  to  be  in  accord  with   the   results  of  tests 


within  the  limits  of  the  -—here  used 

d 

tor  of  safety  would  then  be  applied. 


Of  course  a  suitable   fac- 
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D,      FlREPBOOFED  COLUMNS. 

27.  Phenomena  of  the  Tests. — Three  columns  in  which  a  2-in. 
shell  of  concrete  was  added  to  the  core  section  were  tested  to  de- 
termine the  additional  strength  afforded  by  this  covering  and  to 
study  the  behavior  of  a  fireproofed  column  under  load.  During 
the  earlier  stages  of  the  test  there  was  no  difference  between  the 
behavior  for  this  type  of  column  and  one  of  the  core  type  except 
that  the  outer  shell  did  not  take  the  expected  proportion  of  the 
load.  The  concrete  shell  remained  intact  until  the  ultimate  def- 
ormation of  the  column  was  practically  reached,  the  unit-defor- 
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mation  being  .0018  or  over  at  first  crack.  The  steel  was  then 
evidently  starting  to  yield  and  the  concrete  in  the  core  was  ve  ry 
close  to  its  ultimate  deformation  and  strength.  When  the  shell 
cracked,  the  total  load  on  the  column  dropped  off  about  65  000  lb. 
and  the  strength  of  the  core  itself  was  well  evidenced  by  the 
length  of  time  during  which  the  load  remained  at  this  second  ulti- 
mate  although  the  machine  was  in  operation  in  the  meantime. 
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The  load  rose  2000  to  4000  lb,  after  its  first  drop,  showing  that  the 
strength  of  the  steel  and  of  the  enclosed  concrete  was  not  quite 
fully  developed  when  the  shell  cracked.  Pig.  4  gives  a  view 
after  the  maximum  strength  had  been  developed  and  the  shell 
had  cracked. 

28.  Stress-deformation  Relations. — The  stress- deformation  dia- 
grams are  given  in  Fig.  18.  The  moduli  of  elasticity  of  the  col- 
umns and  the  values  of  n  are  given  in  Table  8,  page  22.  Owing 
to  the  presence  of  the  shell,  which  constituted  47%  of  the  area  of 
the  total  concrete  section,  and  which  it  will  be  seen  did  not  carry 
its  full  share  of  the  load,  the  value  of  the  modulus  of  elasticity  of 
the  column  concrete  is  somewhat  less  for  the  fireproof ed  type  than 
for  the  core  type.  Where  7^  for  the  latter  averaged  about  23  for 
concrete  of  the  same  grade,  it  becomes  more  nearly  30  for  the  for- 
mer. Since  undoubtedly  it  is  wisest  not  to  figure  on  any  load  on 
the  shell  in  designing,  this  value  of  n  is  significant  only  in  show- 
ing that  the  use  of  values  of  n  herein  recommended  does  not 
threaten  the  safety  and  integrity  of  the  shell. 

29.  Comparison  oj  Concrete  Stresses  on  Gross  Section  and  on 
Gore  Section. — The  maximum  load  carried  by  the  fireproof  ed  col- 
umns is  given  in  Table  6,  page  15.  The  division  of  load  between 
steel  and  concrete,  determined  on  the  assumptions  used  in  the  dis- 
cussion of  the  core  type  of  column,  is  also  given  in  this  table. 

Of  the  three  fireproofed  columns  tested  two  were  tested  to 
failure.  No.  8930  took  a  maximum  load  of  630 700  lb. ;  the  load 
fell  to  565  000  lb.  when  the  shell  failed,  indicating  that  a  load  of 
65  700  lb.  was  carried  by  the  shell.     For  No.  8931  the  maximum 

TABLE    10. 

Stress  Carried  by  Concrete  in  Shell  and 
IN  Core  of  Fireproofed  Columns. 


Stress  in  pounds  per  square  inch 

No. 

Gross 
Concrete 

Shell 
Concrete 

Core 
Concrete 

8930 
8931 

1  060 
1  080 

710 
680 

1  370 
1  440 

load  was  635  700  lb.  and  the  core  load  was  572  000  lb.,  the  differ- 
ence, 63  700  lb.,  apparently  being  carried  by  the  shell.  Of  the  core 
load  418  000  lb.  may  be  considered  to  have  been  carried  by  the 
steel  (determined  from  the  average  strength  of  the  plain  steel  col- 
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umns  of  the  same  length),  leaving  on  the  core  concrete  1470001b. 
for  No.  8930  and  154  000  lb.  for  No.  8931.  The  area  of  the  shell 
was  93  square  inches  and  of  the  core  concrete  107  square  inches. 
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The  unit-stresses,  as  found  by  the  method  just  outlined,  are 
given  in  Table  10.  These  values  indicate  that  the  concrete  shell 
carried  roughly  one-half  as  much  load  in  pounds  per  square  inch 
as  the  concrete  of  the  core . 

30.  Pevinissible  Deformation  as  Governing  Design. — The  ques- 
tion always  arises  in  design  as  to  the  effect  of  large  deformation 
in  a  column  under  load  upon  the  integrity  of  the  shell.  If  the 
shell  goes  to  pieces  at  relatively  low  unit-deformations,  it  is  evi- 
dent that  deformation  rather  than  stress  must  govern  in  the 
selection  of  the  working  stresses  to  be  used  in  design.  As  al- 
ready noted,  the  shell  did  not  crack  or  the  load  drop  off  until  the 
unit-deformation  exceeded  .0018,  and  this  is  practically  the  def- 
ormation at  the  maximum  load  for  the  core  type  of  column  also. 
In  other  words,  the  action  of  the  shell  during  the  test  did  not 
seem  to  be  such  as  to  impose  any  restriction  on  the  selection  of 
working  stresses. 

31.  Need  of  a  Tie  to  Prevent  Stripping  of  Shell. — Although  the 
shell  maintains  itself  intact  under  high  unit-deformation,  yet  it 
seems  that  a  tie  of  some  sort  (wire  mesh,  spiral,  or  other  binder) 
should  be  imbedded  in  the  outer  shell  to  make  its  permanence 
certain.  The  backs  of  the  flanges  occupy  one- fourth  of  the 
bonding  surfaces  between  the  shell  and  the  core,  and  in  prac- 
tice this  proportion  might  be  even  greater.  It  seems  unwise  to 
trust  the  fireproofing  shell  of  the  column  to  stand  uninjured  un- 
der collisions  and  accidents  with  so  large  a  surface  uncertainly 
supported.  This  tie  would  also  prevent  the  rapid  and  complete 
failure  of  the  shell  at  maximun  load,  as  it  occurred  in  the  test  of 
the  columns,  although  this  advantage  is  not  very  great  in  actual 
construction.  The  prevention  of  spalling  away  from  the  steel  in 
case  of  a  severe  fire  is  a  more  important  reason  for  requiring 
a  metal  binder  to  hold  the  exterior  concrete  in  place.  Prom  the 
tests  of  spiraled  columns  it  is  concluded  that  a  spiral  is  an  excel- 
lent tie  for  this  purpose. 

E.    Spiraled  Columns. 

32.  Phenomena  of  Tests  and  Stress-deformation  Belations. — For 
loads  within  the  capacity  of  the  University  of  Illinois  testing 
machine  (600  000  lb.)  the  load-deformation  curves  of  the  columns 
with  4  %  and  with  1  %  spiral  reinforcement  (see  Fig.  19)  are 
practically  identical  in  nature  with  those  for  the  core  type.  The 
tests  were  not  carried  to  the  point  where  the  thin  concrete  coat- 
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ing  over  the  spiral  would  be  expected  to  spall.  In  three  of  the 
spiraled  columns  the  maximum  load  was  applied  three  to  five 
times,  the  result  being  increased  deformations  under  maximum 
load  and  increased  set  upon  the  release  of  load. 

Four  of  the  spiraled  columns  were  subsequently  tested  a  sec- 
ond time  at  Lehigh  University,  where  a  load  of  830  0001b.  was  ap- 
plied. Even  with  the  heavier  testing  machine,  the  full  strength' 
of  the  columns  was  not  developed,  though  No.  8934  evidently  was 
loaded  nearly  to  its  maximum  strength.  The  load- deformation 
diagrams  are  shown  in  Fig.  20.  The  deformations  at  the 
first  tests  of  the  same  columns  are  also  given  by  the  broken  lines. 
It  must  be  borne  in  mind  that  the  columns  were  about  three 
months  older  at  the  second  test  than  when  first  tested,  and  the 
increased  strength  of  the  concrete  at  a  given  unit- deformation  may 
be  accounted  for  by  the  increased  age.  To  secure  some  conception 
of  the  amount  of  the  added  strength  due  to  the  greater  age  of  the 
concrete,  No.  8937  was  tested  a  third  time,  the  spiral  first  being 
removed,  the  outer  concrete  stripped  off,  and  the  column  reduced 
to  the  section  of  the  standard  core  type.  The  column  in  this 
condition  carried  a  load  of  714  000  lb. ,  as  compared  with  547  000  lb. 
carried  by  the  two  corresponding  columns  of  the  core  type  at  an 
age  of  60  days,  (see  Fig.  20)  and  it  is  evident  from  this  that  a  con- 
siderable portion  of  the  added  load  carried  in  the  second  test  was 
due  to  the  greater  age  of  the  concrete.  It  is  well  to  call  attention 
to  the  fact  that  this  increase  of  strength  was  gained  after  the 
concrete  had  been  subjected  to  high  stresses  at  an  age  of  60  days. 
The  large  lateral  deflection  of  the  four  columns  tested  at 
Liehigh  University  is  of  interest.  In  No.  8934,  at  a  load  of 
752  100  lb.  the  deflection  was  .09  in,  and  at  this  load  the  concrete 
began  to  spall.  At  a  load  of  856  0001b.  the  deflection  was  .26  in., 
a  deflection  set  of  .21  in.  remaining  when  the  load  was  released. 
At  the  fourth  application  of  a  load  of  about  850  000  lb.  the 
deflection  became  .54  in.,  a  set  of  .50  in.  remaining  with  the 
release  of  the  load.  In  No.  8935,  at  a  load  of  750  000  lb. 
the  deflection  was  .084  in.  At  a  load  of  825  000  lb.  the  deflection 
became  .31  in.,  and  the  concrete  at  the  bottom  scaled  off 
between  wires.  Upon  the  release  of  load  the  set  was  .31  in. 
At  a  fifth  application  of  the  load,  the  deflection  became  .48  in. 
and  the  deflection  set  shown  upon  the  final  release  of  this  load 
was  .43  in.  There  was  no  marked  bending  in  No.  8937  until  the 
third  application  of  a  load  of  830  000  lb . ,  when  it  became  .  12  in. 
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In  No.  8938,  at  a  load  of  776  000  lb.  the  deflection  was  .08  in.,  be- 
coming .17  in.  at  a  load  of  825  000  lb.,  with  a  set  of  .16  in.  shown 
upon  release  of  load.  At  the  fifth  application  of  the  load,  the 
deflection  became  .25  in.  with  a  resulting  set  of  .22  in.  This 
marked  bending  of  the  spiraled  columns  at  loads  above  those 
which  would  be  carried  by  an  unspiraled  column  is  in  keeping  with 
the  large  deflections  found  in  hooped  concrete  columns  of  the 
usual  type. 

The  phenomena  of  the  second  test  were  not  essentially  dif- 
ferent from  those  described  for  the  first  test.  At  a  load  of  about 
750  000  lb.  spalling  of  the  outer  concrete  began  on  the  columns 
having!  %  spiral  reinforcement,  and  this  spalling  continued  dur- 
ing the  remainder  of  the  test.  It  seems  evident  from  the  action 
of  the  columns  and  the  amount  of  deformation  developed  that 
these  columns  were  very  close  to  their  maximum  load  at  the  end 
of  the  second  test.  The  view  in  Fig.  5  shows  the  spalling  of  the 
concrete  and  the  buckling  of  the  spacing  strip.  With  the  columns 
having  J  %  of  spiral  reinforcement  the  spalling  was  slight  even 
at  the  highest  load  carried,  and  these  columns  evidently  would 
have  carried  considerably  more  load.  An  examination  of  the 
structural  steel  after  the  second  test  showed  no  crimping  of  the 
flanges  and  no  movement  of  the  parts  relatively  to  one  another, 
although,  of  course,  the  total  shortening  of  the  column  was  not 
large.  The  spiral  seems  to  have  acted  to  hold  the  steel  in  align- 
ment and  to  permit  a  greater  shortening  than  would  otherwise 
have  taken  place. 

33.  Effect  of  Spiral.— The  maximum  loads  placed  on  the 
spiraled  columns  are  given  in  Table  6,  page  15,  It  must  be 
borne  in  mind  that  the  capacity  of  the  testing  machines  used  did 
not  permit  the  maximum  strength  of  these  columns  to  be 
developed. 

Within  the  limits  of  the  first  test  (600  000  lb.  load)  the  load- 
deformation  diagrams  do  not  show  any  effect  which  may  be  at- 
tributed to  the  variation  in  the  percentage  of  spiral  reinforce- 
ment or  even  to  the  presence  of  the  spiral.  A  study  of  the  stress- 
es in  these  columns  of  the  core  type  shows  that  the  spiral  has 
little  apparent  effect  upon  the  action  of  the  column  within  the 
load  of  600  000  lb. 

In  the  second  test  the  maximum  load  applied  evidently  ap- 
proached very  closely  to  the  maximum  strength  of  the  columns 
with  f  %  of  spiral  reinforcement,  but  it  did  not  stress    the   col- 
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umns  with  1  %  of  spiral  reinforcement  nearly  as  severely.  The 
load  deformation  curves  (Fig.  20,  page  38)  show  that  the  marked 
yielding  of  the  column  takes  place  at  about  the  same  load  for 
both  percentages  (650  000  to  700  000  lb.)  and  that  at  this  yield 
point  the  spiral  begins  to  play  an  important  part.  During  this 
later  part  of  the  test  the  difference  in  amount  of  spiraling  becomes 
apparent  and  the  heavier  spirals  show  greater  strength.  Since 
the  tests  were  not  carried  to  destruction,  the  amount  of  this  added 
strength  can  not  be  ascertained,  but  its  existence  seems  well 
established. 

For  most  purposes,  then,  the  significant  point  on  the  stress- 
deformation  curves  is  the  point  where  the  curve  bends  sharply 
and  becomes  flat  and  which  may  be  considered  to  be  the  load 
which  would  be  carried  by  an  unspiraled  column.  Beyond  this 
point  any  additional  load  is  carried  only  by  virtue  of  very  greatly 
increased  deformations.  For  the  four  columns  tested  this  point 
lies  at  or  below  750  000  lb.,  and  it  will  be  interesting  to  compare 
this  with  the  strength  of  the  column  without  spiral  reinforce- 
ment. For  the  purpose  of  this  comparison  the  results  of  the 
third  test  of  No.  8937,  after  it  was  stripped  of  its  spiral  and 
reduced  to  the  standard  core  type,  may  be  used  to  estimate  the 
strength  of  the  concrete  at  the  time  of  the  later  test,  This  col- 
umn carried  714  000  lb.  load  as  against  580  000  lb.  load  carried  by 
columns  of  the  core  type  at  60  days  of  age.  If  we  consider  all 
the  concrete  within  the  spiral  in  the  second  test  to  be  as  effective 
as  the  core  concrete  in  No.  8937,  the  load  carried  without  aid 
from  the  spiral  would  be  about  800  000  lb.  This  figure  is  prob- 
ably a  little  high,  as  the  concrete  outside  the  core,  although  in- 
side the  spiral,  would  probably  take  somewhat  less  load  per 
square  inch  than  the  concrete  in  the  core.  This  tends  to  confirm 
the  view  that  the  load  at  the  point  when  the  load-deformation 
curve  bends  sharply  and  becomes  flat  is  approximately  equal  to 
the  strength  of  the  unspiraled  column,  and  that  only  the  part  of 
the  strength  developed  after  this  yield  point  is  passed  should  be 
attributed  to  the  spiral  directly.  In  No.  8934,  this  added  load 
amounts  to  about  100  000  lb.  which  is  715  lb.  per  sq.  in.  of  in- 
closed concrete.  This  is  at  the  rate  of  950  lb.  per  sq.  in.  of  col- 
umn concrete  per  1  %  of  spiral  reinforcement.  Applying  this 
figure  to  the  1  %  spiral  columns,  the  computed  probable  maxi- 
mum load  becomes  900  000  lb.,  a  value  which  the  deformations  of 
the  second  test  seem  to  indicate  as  a  reasonable  expectation  for 
these  columns. 
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34.  Availability  of  Spiral  Strength  for » Design. — The  tests  of 
this  series  of  columns  indicate  that  up  to  a  unit-deformation  of 
.0015  no  appreciable  difference  in  the  action  of  columns  with  or 
without  spiral  reinforcement  is  found.  In  building  construction 
the  safe  unit- deformation  may  ordinarily  be  placed  at  .0007  or 
less.  It  would  seem  that  any  attempt  to  use  an  imaginary  spiral 
strength  at  working  loads  could  result  only  in  very  high  actual 
unit-deformations.  The  marked  tendency  of  the  column  to  bend 
laterally  after  the  yield  point  was  passed  and  the  large  amount  of 
set  found  are  also  evidence  of  the  unavailability  of  the 
higher  strengths.  The  spiral  does  afford  protection  against 
sudden  failure,  and  gives  a  tougher  and  safer  column,  and 
these  properties  may  be  considered  to  warrant  the  use  of 
higher  unit-stresses  in  spiraled  columns.  In  the  columns 
of  the  core  type  tested  the  need  of  a  spiral  is  much  less  than 
in  the  ordinary  reinforced  concrete  column,  since  these  columns 
are  found  to  possess  toughness  and  the  flanges  of  the  structural 
angles  restrain  the  core  concrete  to  some  extent.  It  thus  appears 
that  the  use  of  a  large  percentage  of  spiral  reinforcement  in  col- 
umns of  the  type  here  considered  is  hardly  justifiable.  A  light 
spiral  may  serve  to  tie  the  shell  together  securely  and  protect  it 
from  accident,  but  this  spiral  should  not  be  directly  considered 
in  the  computations  for  strength  of  column. 


F.    Summary. 

35.  General  Comments. — The  columns  tested  were  of  a  form 
now  frequently  used  in  building  construction.  The  percentage 
of  steel  used  (area  of  steel  section  10.8  %  of  the  area  of  the  octa- 
gon inclosing  the  structural  shapes)  is  within  the  range  used  in 
building  construction.  The  conclusions  given  in  the  discussion 
relate  to  the  properties  of  columns  which  have  the  forms  and 
sections  of  the  columns  tested,  and  variations  in  proportions  of 
metal  and  concrete  may  give  somewhat  different  results.  The 
tests,  however,  may  be  expected  to  throw  light  on  the  properties 
of  columns  of  the  same  general  type  within  the  limits  of  ordinary 
design.  The  principal  conclusions  found  in  the  discussion  are  as 
follows: 
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1.  The  maximum  load  carried  by  the  plain  steel  columns  is 

P  I 

expressed  by  the  straight-line  formula,  —  =  36  500  —  155— 7,  where 

—  is  the  ratio  of  length  of  column  to  radius  of  gyration  of  the 

section  of  the  steel  column. 

2.  Earlier  in  the  test  the  effect  of  length  upon  load  carried 
at  a  given  unit  deformation   was   less    proportionately    than   at 

maximum  load,  the  coefficient  of  —  in  the  equation  being  only  55 

for  a  unit-deformation  of  .0008,  and  27  for  a  unit-deformation  of 
.0005,  as  compared  with  155  in  the  equation  for  maximum  load. 

3.  The  load-deformation  diagrams  diverge  from  a  straight 
line  at  loads  well  below  the  maximum. 

4.  In  the  concreted  columns  of  the  core  type,  the  effect  of 
length  upon  strength  of  column  was  almost  identical  with  that 
found  in  the  tests  of  plain  steel  columns.  In  other  words  the  stress 
taken  by  the  concrete  may  be  considered  to  be  nearly  independent 
of  the  slenderness  ratio  of  the  column,  within  the  limits  of  the 
lengths  tested,  and  the  stress  taken  by  the  steel  may  be  considered 
to  be  the  same  as  that  taken  by  a  plain  steel  column  of  the 
same  slenderness  ratio. 

5.  In  the  tests  the  concreted  columns  of  the  core  type  showed 
considerable  toughness,  though  at  the  maximum  load  there 
was  no  material  lateral  deflection.  The  final  failure  of  the  con- 
crete generally  occurred  at  or  above  tie  plates.  The  discussion 
shows  that  the  concrete  of  the  columns  was  less  strong  than  the 
concrete  of  the  cubes  and  less  stiff  than  the  concrete  of  the 
cylinders. 

6.  The  stress  taken  by  the  concrete  within  the  core  or  with- 
in the  spiral  is  approximately  equal  to  the  strength  of  concrete 
of  the  cylinders  tested  and  to  two- thirds  of  the  strength  found 
in  the  6-in.  cubes. 

7.  The  values  of  the  ratio  of  the  modulus  of  elasticity  of  the 
steel  column  to  that  of  the  concrete,  n,  under  the  assumptions 
used  in  the  analysis,  are  much  larger  than  are  commonly  used  in 
reinforced  concrete  design .  Values  of  n  for  use  in  designing  are 
suggested  in  Table  9. 

8.  A  basis  for  design  which  seems  rational  is  to  determine 
the  strength  of  the  steel  column  by  the  use  of  the  column  formula 

for   the  —  of  the  steel  column  and  then  to  consider  the  concrete 
r 

of  the  core  section  (without  reference  to  the  length  of  the  column 
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for  any  ordinary  length  ratio,  say  a  length  of  15  diameters)  to 
have  a  stress  value  proportional  to  the  strength  of  the  plain  con- 
crete, say  two-thirds  of  the  cube  strength.  A  suitable  factor  of 
safety  would  of  course  be  somewhere  applied. 

9.  In  the  test  of  the  fireproofed  type  of  column  (which  had  a 
shell  of  concrete  outside  the  steel)  the  concrete  shell  remained 
intact  until  a  deformation  was  reached  as  great  as  that  developed 
at  ths  maximum  load  in  columns  of  the  core  type.  This  integrity 
of  section  at  high  deformations  indicates  that  the  presence  of  the 
shell  need  not  impose  any  restrictions  upon  the  working  stresses 
available  for  the  steel  and  for  the  core  concrete.  Of  course, 
there  are  good  reasons  for  the  use  of  a  metal  binder  like  wire 
mesh  or  spiral  for  holding  the  shell  securely  in  place. 

10.  The  discussion  indicates  that  the  stress  carried  by  the 
concrete  of  the  shell  is  only  about  half  of  that  carried  by  the  core 
concrete.  This  lower  strength  is  not  objectionable,  since  the 
shell  is  not  considered  in  designing  the  column. 

11.  The  action  of  the  spiraled  columns  indicates  that  the 
spiral  has  little  effect  up  to  a  deformation  and  load  corresponding 
to  the  maximum  load  for  an  unspiraled  column.  Beyond  this  load 
the  column  compresses  rapidly  and  the  presence  of  the  spiral 
adds  materially  to  the  strength  of  the  column.  The  tests  do  not 
fix  the  exact  amount  of  this  added  strength. 

12.  In  view  of  the  large  shortening  necessary  to  make  the 
added  strength  due  to  spiraling  available  and  the  general  tough- 
ness of  columns  of  the  core  type,  it  would  seem  that  for  building 
construction  the  use  of  a  large  percentage  of  spiral  reinforcement 
in  columns  made  up  of  structural  shapes  and  concrete  is  hardly 
justifiable.  A  moderate  spiral  may  warrant  the  use  of  somewhat 
higher  unit- stresses,  since  it  adds  to  the  toughness  of  the  column 
and  gives  a  possible  higher  ultimate  strength,  and  it  will  also 
serve  to  tie  the  concrete  of  the  shell  together  securely  and  pro- 
tect it  from  accident,  but  it  does  not  seem  best  to  consider  this 
spiral  directly  in  the  computations  for  strength  of  column. 

13.  The  columns  tested  possess  the  qualities  of  a  good  struc- 
tural member  and  seem  well  adapted  to  more  general  use  in  build- 
ing construction. 

These  comments  are  made  on  the  assumption  that  the  con- 
crete is  placed  in  as  workmanlike  a  manner  as  is  obtainable  in 
the  construction  of  high-grade  work  in  columns  reinforced  with 
longitudinal  rods  or  with  rods  and  spirals. 
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PREFACE 

Publication  No.  127,  of  the  Carnegie  Institution  of  Washing- 
tion,  entitled,  ^^Superheated  Steam  in  Locomotive  Service",  is  a  pub- 
lication of  144  pages,  dealing  with  a  research  which  was  carried 
on  in  the  laboratory  of  Purdue  University,  during  the  writer's 
connection  with  that  University.  It  presents,  in  tabulated  and 
graphical  form,  the  full  record  of  observed  and  derived  results. 

In  this  Review,  the  text  of  the  original  publication  has  been 
freely  quoted,  and  the  conclusions  and  arguments  by  which  they 
are  sustained,  appear  as  given  in  the  orginal  publication.  This 
Review,  therefore,  takes  the  form  of  a  resume  of  the  research  and 
its  results,  the  complete  record  of  which  is  available  elsewhere. 

Acknowledgments  are  due  Mr.  P.  W.  Marquis  for  the  editorial 
work  incident  to  this  Review. 

W.  F.  M.  Goss 

April,  1912 


SUPERHEATED  STEAM  IN  LOCOMOTIVE  SERVICE 
I.    Introduction 

1.  A  Summarij  of  Conclusions. — The  results  of  the  study  con- 
cerning the  value  of  superheated  steam  in  locomotive  service,  the 
details  of  which  are  presented  in  the  succeeding  pages,  may  be 
summarized  as  follows: 

1.  Foreign  practice  has  proved  that  superheated  steam  may 
be  successfully  used  in  locomotive  service  without  involving 
mechanism  which  is  unduly  complicated  or  difficult  to  maintain. 

2.  There  is  ample  evidence  to  prove  that  the  various  details 
in  contact  with  the  highly  heated  steam,  such  as  the  superheater, 
piping,  valves,  pistons,  and  rod  packing,  as  employed  in  German 
practice,  give  practically  no  trouble  in  maintenance;  they  are 
ordinarily  not  the  things  most  in  need  of  attention  when  a  loco- 
motive is  held  for  repairs. 

3.  The  results  of  tests  confirm,  in  general  terms,  the  state- 
ments of  German  engineers  to  the  effect  that  superheating  mate- 
rially reduces  the  consumption  of  water  and  fuel  and  increases 
the  power  capacity  of  the  locomotive. 

4-.  The  combined  boiler  and  superheater  tested  contains  943  sq. 
ft.  of  water-heating  surface  and  193  sq.  ft.  of  superheating  surface; 
it  delivers  steam  which  is  superheated  approximately  150°.  The 
amount  of  superheat  diminishes  when  the  boiler- pressure  is  in- 
creased, and  increases  when  the  rate  of  evaporation  is  increased, 
the  precise  relation  being 

T=  123 -0.265P+ 7.28  fi" 

where  T  represents  the  superheat  in  degrees  P. ,  Pthe  boiler-pres- 
sure by  gauge,  and  H  the  equivalent  evaporation  per  foot  of 
water-heating  surface  per  hour. 

o.  The  evaporative  efficiency  of  the  combined  boiler  and 
superheater  tested  is 

E=  11.706  -  0.214i/ 

where  E  is  the  equivalent  evaporation  per  pound  of  fuel  and  H  is 
the  equivalent  evaporation  per  hour  per  foot  of  water-heating 
and  superheating  surface. 
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6.  The  addition  of  the  superheater  to  a  boiler  originally  de- 
signed for  saturated  steam  involved  some  reduction  in  the  total 
area  of  heat-transmitting  surface,  but  the  efficiency  of  the  combi- 
nation, when  developing  a  given  amount  of  power,  was  not  lower 
than  that  of  the  original  boiler. 

7.  The  ratio  of  the  heat  absorbed  per  foot  of  superheating 
surface  to  that  absorbed  per  foot  of  water-heating  surface  ranges 
from  0.34  to  0.53,  the  value  increasing  as  the  rate  of  evaporation 
is  increased. 

8.  When  the  boiler  and  superheater  are  operated  at  normal 
maximum  power,  and  when  they  are  served  with  Pennsylvania  or 
West  Virginia  coal  of  good  quality,  the  available  heat  supplied  is 
accounted  for  approximately  as  follows: 


Absorbed  by  water 

Absorbed  by  steam  in  superheater 

Utilized 

Lost  in  vaporizing  moisture  in  coal 

Lost  in  CO 

Lost  through  high  temperature  of  escaping  gases 

Lost  in  the  form  of  sparks  and  cinders , 

Lost  through  grate 

Lost  through  radiation,  leakage,  and  unaccounted  for. 


Per  cent 

52 

5 

57 
5 

1 
14 
12 

4 


9.     The  water  consumption  under  normal  conditions  of  run- 
ning has  been  established  as  follows: 


Boiler- 
pressure 

Corresponding 
Steam  per 
i.  h.  p.  hr. 

lb. 

120 
160 
800 
240 

lb. 

23.8 
22.3 
21.6 
22.6 

The  minimum  steam  consumption  for  the  several  pressures  is 
materially  below  the  values  given.  The  least  for  any  test  was 
20.29  lb. 

10.     The  coal  consumption  under  normal  conditions  of  run- 
ning has  been  established  as  follows: 


Boiler- 

Coal 

Consumed 

pressure 

per 

.  h.  p. 

hr. 

lb. 

lb. 

120 

3.31 

160 

3.08 

200 

2.97 

240 

3. 12 
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11.  Neither  the  steam  nor  the  coal  consumption  is  materially 
affected  by  considerable  changes  in  boiler-pressure,  a  fact  which 
justifies  the  use  of  comparatively  low  pressures  in  connection 
with  suyerheating. 

12.  Contrary  to  the  usual  conception,  the  conditions  of  cut- 
off attending  maximum  cylinder  efficiency  are  substantially  the 
same  for  steam  superheated  150°  as  for  saturated  steam.  With 
superheated  steam,  when  the  boiler- pressure  is  120,  the  best  cut- 
off is  approximately  50  per  cent  stroke,  but  this  value  should  be 
diminished  as  the  pressure  is  raised,  until  at  240  lb. ,  it  becomes  20 
per  cent. 

IS.  Tests  under  low  steam  pressures,  for  which  the  cut-off 
is  later  than  half  stroke,  give  evidence  of  superheat  in  the  exhaust. 

IJf.  The  saving  in  water  consumption  and  in  coal  consump- 
tion per  unit  power  developed,  which  was  effected  by  the  super- 
heating locomotive,  Schenectady  No.  3,  in  comparison  with  the 
saturated-steam  locomotive  Schenectady  No.  2,  is  as  follows: 


Saving  in  Water  Consumption 

Saving  in  Coal  Consumption 

Boiler- 

Locomotive 

Boiler- 
pressure 

Locomotive 

pressure 

Saturated 
Steam 

Super- 
heating 

Gain 

Saturated 
Steam 

Super- 
heating 

Gain 

lb. 

120 
160 
200 
240 

lb. 

29.1 
26.6 
25.5 
24.7 

lb. 

23.8 
22.3 
21.6 
22.6 

per  cent 

18 
16 
15 
9 

lb. 

120 
160 
200 
240 

lb. 

4.00 
3.59 
3.43 
3.31 

lb. 

3. 31 
3.08 
2.97 
3.12 

per  cent 

17 
14 
13 
6 

15.     The  power  capacity  of  the  superheating  locomotive  is 
greater  than  that  of  the  saturated-steam  locomotive. 

II.     Foreign  Practice  in  the  Use  of  Superheated 
Steam  in  Locomotive  Service 


2.  The  Use  of  Superheated  Steam  in  Locomotive  Service. — In 
the  year  1898,  the  first  superheating  locomotives,  two  in  number, 
were  placed  in  service  upon  the  Prussian  State  Railway.  As 
might  have  been  expected  in  machines  of  new  design,  a  number 
of  difficulties  were  encounterea  in  their  operation,  but  one  by  one 
these  were  overcome.  Special  forms  of  pistons,  of  piston-valves, 
and  of  rod  packing,  designed  better  to  withstand  exposure  to 
steam  of  high  temperature,  were  introduced.     In  1899,  the  two 
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original  superheating  locomotives  were  followed  by  two  super- 
heating express  locomotives,  and  in  1900,  by  two  superheating 
tank  locomotives,  the  superheaters  of  all  being  of  the  same  design. 
While  these  six  trial  engines  were  by  no  means  perfect,  they 
served  to  show  that  highly  superheated  steam  might  be  gener- 
ated and  successfully  employed  in  locomotive  service.  As  a  re- 
sult of  the  experience  thus  gained,  the  Prussian  State  Railway 
has,  since  1900,  made  large  purchases  of  the  new  type  of  engine. 
So  rapidly  has  their  use  increased  that  in  April,  1907,  there  were 
682  in  service  and  467  in  the  process  of  building,  or  covered  by 
orders;  while  in  the  whole  Empire  of  Germany  there  were  1320 
locomotives  of  the  new  type  running  or  on  order.  The  locomo- 
tive builders  of  Germany  draw  their  support  from  many  different 
countries.  While  building  superheating  locomotives  for  the  Em- 
pire, they  have  stimulated  interest  in  and  created  a  demand  for 
the  new  type  in  other  countries.  Thus,  Belgium,  Russia,  Austria, 
Sweden,  Switzerland,  Italy,  Prance,  Holland,  England,  Denmark, 
Spain,  Greenland,  Canada,  and  South  America  all  have  their 
German-designed  and  German-built  superheaters,  and  at  the  time 
just  quoted,  April,  1907,  the  total  number  of  superheating  loco- 
motives in  service  or  on  order  for  all  countries  approached  close- 
ly to  2000.  This  rapid  extension  of  a  new  practice  expresses  the 
degree  of  confidence  which  many  engineers  have  in  its  value.  In 
fact,  the  introduction  of  the  superheater  has  become  a  world-wide 
movement,  and  as  such  it  is  entitled  to  the  respect  and  the 
thoughtful  attention  of  American  engineers.-^ 

3.  Types  of  Superheaters. — The  original  Schmidt  locomotive 
superheater  was  of  the  smoke-box  type,  and  practically  half  of 
the  superheating  locomotives  now  (1907)  in  operation  on  the  Prus- 
sian State  Railway  are  of  this  design.  The  later  introduction  of 
the  Schmidt  fire-tube  type  of  superheater  has,  however,  proved 
so  satisfactory  that  the  manufacture  of  the  earlier  smoke-box  type 
has  in  recent  years  been  discontinued.  All  of  the  superheating 
locomotives  of  the  Prussian  State,  now  under  construction,  are 
to  be  equipped  with  this  later  type.  Other  forms  of  superheaters 
have  been  proposed  and  one  of  these  has  been  used  experi- 
mentally, but  the  practice  of  superheating  in  Europe  as  it  exists 
to-day  implies  the  use  of  the  Schmidt  fire-tube  superheater.  The 
introduction  of  this  superheater  (Fig.  1  and  2)    requires  that  the 


1  Supplementing  the  statements  of  this  paragraph,  which  were  formulated  in  1907.  it  may 
be  stated  that  the  number  of  superheating  locomotives  in  Europe  is  now  (1911)  reported  as  7000 
and  that  the  number  in  this  country,  in  service  or  under  order,  is  approximately  2000. 


Pig.  1.    A  Superheated  Steam  Express  Locomotive  of  the  Prussian  State  Railway 
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upper  part  of  the  boiler  be  fitted  with  from  two  to  four  rows  of 
large  smoke-tubes  which  are  expanded  into  the  fire-box  and  front 
tube-sheet  of  the  boiler,  in  a  special  manner.  These  tubes  have 
an  inside  diameter  ranging  from 4  to  5.25  in.,  which  diameter  is 
reduced  somewhat  near  the  fire-box  end.  Inserted  in  each  of 
these  large  tubes  is  a  superheater  element  or  section  consisting 
of  a  set  of  pipes  bent  in  the  form  of  a  double  U  and  connected  at 
the  smoke-box  end  to  a  header,  the  whole  arrangement  be^ng 
such  as  to  form  a  continuous  double-looped  tube.  Each  particle 
of  steam  in  passing  from  the  boiler  to  the  branch- pipes  has  to 
traverse  some  one  of  these  elements,  making  four  passes  in  the 
movement\ 

The  ends  of  each  element  extend  into  the  smoke-box,  where 
they  are  bent  slightly  upward  and  are  expanded  into  a  common 
flange  which  is  secured  to  a  steam-collector  by  a  single  central 
bolt.  Two  slightly  different  methods  are  employed  in  arranging 
the  pipe- ends  in  the  smoke-box.  By  the  first  method,  the  pipes 
are  bent  upward  only  (Pig.  2),  as  already  described,  in  which 
case  the  tiange- joints  are  horizontal,  and  the  flanges  are  fastened 
by  vertical  bolts,  the  heads  of  which  are  movable  in  slots  in  the 
bottom  of  the  collector  casting.  By  the  second  method  (Fig.  1) 
the  pipes  are  carried  forward  and  are  bent  upward  and  back- 
ward in  such  a  manner  as  to  connect  with  vertical  flanges  secured 
by  horizontal  studs  to  the  steam-collector.  Both  methods  have 
been  extensively  used,  the  latter  being  the  one  which  has  been 
finally  selected  by  the  Prussian  State  Railway.  The  construction 
of  the  steam-collector  and  the  manner  in  which  connection  is 
made  with  the  steam-pipes  and  with  the  branch-pipes  is  best 
shown  by  the  figures. 

By  the  construction  which  was  adopted,  the  gases  of  combus- 
tion are  divided,  one  part  passing  through  the  ordinary  boiler- tubes 
and  the  other  through  the  larger  tubes.  In  the  larger  tubes,  a  por- 
tion of  the  heat  is  given  up  to  the  water  surrounding  the  tubes, 
and  a  portion  to  the  steam  contained  in  the  superheating  elements 
inclosed.  The  flow  of  heat  through  the  large  tubes  is  controlled 
by  dampers  hinged  or  pivoted  below  the  steam-collector  in  the 
smoke- box.  As  long  as  the  throttle  of  the  locomotive  is  closed, 
these  dampers  are  kept  closed,  either  by  a  counterweight  or  by  a 
spring,  but,  as  soon  as  the  throttle  is  opened,  they  are  opened 

iln  the  orijiinal  arrangement,  each  element  consisted  of  two  separate  single-loops,  but 
it  has  been  found  that  the  double  looping  of  the  superheating  pipes,  by  increasing  the  velocity 
at  which  the  steam  travels,  results  in  the  better  protection  of  the  tubes  against  overheating 
and  in  the  more  effective  superheating  of  the  steam. 
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simultaneously  by  means  of  a  piston  working  in  a  small  automatic 
steam-cylinder.  Thus,  while  getting  up  steam  or  while  standing 
at  stations,  under  any  conditions,  in  fact,  for  which  no  steam  is 
passing  the  loops  of  the  superheater  to  keep  them  cool,  no  gases 
of  combustion  can  pass  through  the  large  smoke- tubes  to  heat 
them.  This  arrangement  provides  against  the  overheating  of 
the  superheating  pipes.  It  is  only  when  the  throttle  is  open,  and 
when,  as  a  consequence,  steam  is  passing  through  the  super- 
heating pipes,  that  the  dampers  which  control  the  circulation  of 
the  heated  gases  open  and  permit  them  to  have  contact  with  the 
superheating  elements. 

The  limited  number  of  the  superheating  elements  and  their 
small  diameter  provide  a  comparatively  small  area  through 
which  the  steam  must  pass  from  the  boiler  to  the  engine-cylinders. 
The  degree  of  restriction  constitutes  one  of  the  important  elements 
in  the  design  of  the  Schmidt  superheater.  It  has  been  found 
that  the  superheating  surface  is  made  more  effective  as  the  flow 
of  the  circulating  steam  is  made  more  rapid;  the  statement  by  a 
German  authority  being  that  for  constant-temperature  differences, 
the  rate  of  heat  transmission  varies  as  the  square  root  of  the  ve- 
locity of  the  steam.  By  maintaining  high  velocities  through  the 
superheating  pipes,  therefore,  two  important  results  are  accom- 
plished: first,  a  higher  degree  of  superheat  is  obtained  than 
would  otherwise  be  possible;  and,  second,  the  protection  of  the 
superheating  elements  against  overheating  is  made  more  com- 
plete. The  degree  of  restriction  employed  in  the  Schmidt  super- 
heaters is  such  that  when  the  engine  is  working  at  full  power 
with  the  throttle  wide  open,  the  drop  in  pressure  between  the 
boiler  and  the  valve-box  is  approximately  15  lb.  It  is  stated 
that  under  these  conditions  the  velocity  through  the  super- 
heating tubes  varies  from  325  to  400  ft.  per  sec. 

The  superheaters  thus  described  have  an  abundant  capacity. 
Locomotives  fitted  with  them  are  provided  with  a  dial  thermom- 
eter showing  the  temperature  of  the  steam  in  the  valve-box. 
After  starting,  this  temperature  steadily  rises  until  it  exceeds 
300°  C.  (57"2°P.),  after  which  the  dampers  controlling  the  circu- 
lation of  heat  through  the  superheater-tubes  are  partially  closed 
by  means  of  mechanism  which  connects  with  a  hand-wheel  in  the 
cab.  This  manipulation  of  the  dampers  is  such  as  will  check  the 
rising  temperature  before  the  maximum  safe  limit  of  350°  C. 
(662°  F.)  is  reached. 
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It  is  said  that  there  is  now  no  difficulty  in  designing,  for  any 
locomotive,  a  superheater  which  will  give  with  certainty  any 
desired  degree  of  superheat  within  limits  which  are  practicable. 
Rules  governing  all  portions  of  the  design  have  been  formulated 
and  are  strictly  adhered  to  by  the  Wilhelm  Schmidt  Company, 
Limited,  in  working  out  the  details  of  their  design.  Such  rules 
have  not  yet  been  published. 

4.  The  Maintenance  of  Superheating  Locomotives. — From  such 
inspection  in  shops  and  roundhouses  as  could  be  had,  and  from 
the  testimony  of  those  concerned  in  the  handling  of  locomotives 
at  terminals,  it  appears  reasonably  certain  that  no  special  dif- 
ficulty is  experienced  in  the  maintenance  of  those  details  which 
are  peculiar  to  a  superheating  locomotive.  This  statement  ap- 
plies especially  to  the  superheater  itself.  In  a  repair- shop,  a 
boiler  was  inspected  from  which  the  superheater  had  been  drawn 
bodily  and  laid  upon  blocking  beyond  the  boiler.  All  of  the 
ordinary  small  tubes  of  the  boiler  were  being  cut  out  in  prepara- 
tion for  retubing.  The  superheater,  meanwhile,  had  been  judged 
to  be  in  good  condition,  and  it  was  to  go  directly  back  to  its 
place  without  having  any  work  done  upon  it.  Even  those  Ger- 
man engineers  who  are  not  friendly  to  the  superheating  locomo- 
tive frankly  say  that  there  is  no  difficulty  in  maintaining  the 
present  type  of  fire-tube  superheater. 

With  respect  to  the  care  bestowed  in  freeing  the  large  flues 
containing  the  superheating  tubes  from  deposits  of  fuel  and  ash, 
the  superheating  locomotive  requires  additional  labor.  The  ex- 
tent of  this  depends,  however,  upon  the  nature  of  the  fuel  used. 
The  fact  that  solid  matter  entering  the  large  tubes  from  the  fire- 
box comes  upon  the  ends  of  the  loops  of  the  superheater,  as  up- 
on an  obstacle  set  in  their  path,  naturally  leads  to  such  a  result. 
With  some  grades  of  fuel  little  or  no  difficulty  arises,  while  with 
other  fuels  it  is  difficult  to  get  a  locomotive  over  its  division. 
Roundhouses,  therefore,  which  handle  superheating  engines,  are 
equipped  with  long  pipe-nozzles  through  which  a  blast  of  air  is 
delivered  for  the  purpose  of  clearing  the  large  flues.  Upon  at 
least  one  division  inspected,  an  equipment  of  these  nozzles  was 
carried  upon  locomotives.  In  certain  roundhouses  a  set  of  small 
tools  from  3  to  6  ft.  long,  with  sharp  cutting-edges,  usually  at 
right  angles  to  the  axis,  which  could  be  inserted  from  the  fire- 
box, was  in  use  for  the  purpose  of  cutting  out  the  deposits  in  the 
tubes.  A  round  of  inspection  gives  abundant  evidence  that  the 
stopping-up  of  flues  is  a  serious  matter.     Engineers  friendly  to 
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the  use  of  superheating  locomotives  admitted  that  there  are  coals 
which  are  serviceable  in  other  classes  of  locomotives  which  can 
not  be  used  by  the  superheating  locomotives. 

In  the  matter  of  maintaining  valves  and  valve- gears,  much 
has  already  been  said.  Tiiere  appears  to  be  no  difficulty  in  main- 
taining lubrication  in  the  presence  of  superheated  steam,  and  it  is 
repeatedly  asserted  that  the  wear  of  piston- rings  and  of  valve- 
parts  in  the  superheating  locomotive  is  of  less  consequence  than 
the  similar  wear  which  occurs  in  compound  and  simple  engines 
using  saturated  steam. 

It  will  be  remembered  that  in  Germany  the  natural  competi- 
tor of  the  superheating  locomotive  is  the  compound,  and  that  in 
passenger  service  the  compound  is  of  the  four- cylinder  type. 
This  fact  is  of  ten  mentioned  as  important  from  a  roundhouse  poinc 
of  view,  since  it  is  easier  to  wipe  the  superheating  locomotives 
after  a  run  than  the  compounds,  a  statement  which,  of  course, 
grows  out  of  the  fact  that  there  are  fewer  parts  to  receive  atten- 
tion. Whether  the  superheating  passenger  engines  are  on  the 
whole  easier  to  maintain  than  the  balanced  compounds  is  a  mat- 
ter concerning  which  little  definite  information  can  be  obtained. 
It  is  admitted  everywhere  that  the  absence  of  balance  for  recip- 
rocating parts  in  the  superheating  engines  tends  to  increase  the 
cost  of  maintenance,  and  it  is  not  unlikely  that  the  newness  of  the 
type  also  operates  to  its  disadvantage.  The  compounds,  on  the 
other  hand,  with  their  duplication  of  parts  and  their  higher  boiler- 
pressures,  demand  attentions  which  are  peculiar  to  their  type. 
In  Berlin,  where  superheating  is  in  the  ascendancy,  it  is  gener- 
ally agreed  that  the  problems  of  maintaining  the  superheating 
engine  are  far  more  simple  than  those  of  maintaining  the  com- 
pound, while  in  Hanover,  which  is  the  home  of  the  balanced  com- 
pound, opinions  are  likely  to  be  the  reverse  of  this. 

5.  The  Economy  Resulting  from  the  Use  of  Superheating  Loco- 
motives.— The  degree  of  economy  attending  the  operation  of  the 
superheating  locomotive  is  probably  not  definitely  understood  in 
Germany.  There  are  as  yet  no  locomotive-testing  plants  in  the 
Empire,  and  while  the  results  of  many  road  tests  are  reported, 
they  are  upon  a  comparative  rather  than  upon  an  absolute  basis. 
As  the  superheating  locomotives  are  all  of  recent  design,  there 
are  no  simple  locomotives  using  saturated  steam  whose  perform- 
ance can  fairly  be  compared  with  them.  Partisan  advocates  of 
the  superheating  locomotive  not  infrequently  claim  for  it  a  sav- 
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ing  in  water  of  from  30  to  40  per  cent  and  in  coal  from  25  to  35 
per  cent  when  compared  with  the  simple  locomotive,  and  some 
data  are  presented  in  support  of  such  claims.  It  is  also  claimed 
that  the  superheating  locomotives  consume  25  per  cent  less  water 
and  10  per  cent  less  coal  than  the  four-cylinder  balanced  com- 
pounds. Such  statements,  of  course,  reflect  partisan  opinions. 
One  who  is  a  close  student  of  these  matters  and  whose  position  is 
such  as  to  make  him  quite  independent  in  opinion  believes  that 
the  saving  in  water  could  be  taken  at  from  20  to  25  per  cent  and 
in  coal  at  from  15  to  20  per  cent,  as  compared  with  the  consump- 
tion of  simple  locomotives. 

When  comparisons  are  made  between  the  performance  of  a 
superheating  locomotive  and  that  of  the  compound,  partisan  advo- 
cates of  the  superheating  claim  an  advantage  for  their  type  of 
machine.  Conservative  experts  give  the  opinion  that  the  per- 
formance of  the  superheating  locomotives  is  without  question 
equal  to  that  of  the  compound.  Others,  whose  opinions  are  per- 
haps entitled  to  equal  attention,  affirm  that  it  is  better,  but  how 
much  better  they  are  not  willing  to  say.  The  performance  sheet 
of  a  division  operating  balanced  compounds  and  also  superheat- 
ing locomotives  in  the  same  service  shows  that  the  coal  used  per 
1,000  kilometers  run  by  superheating  locomotives  varied  from 

12.1  tons  to  14.4  tons  and  for  the  balanced  compounds  from  8.9  ta 

14.2  tons.  Upon  the  basis  of  these  statements,  it  would  appear 
safe  for  the  American  engineer  to  assume  that  the  superheating 
locomotives  are  as  economical  in  their  use  of  water  and  fuel  as 
are  the  highest  types  of  compounds.  This  applies  to  a  practice 
which  involves  locomotives  using  a  high  degree  of  superheat  on 
the  one  hand,  and  a  well- perfected  type  of  compound  on  the 
other. 

6.  Concerning  the  Trend  of  Foreign  Practice  ivith  Reference  to- 
Super  heating  in  Locomotive  Service. — In  the  development  of  this 
chapter,  attention  has  been  given  thus  far  to  the  single  type  of 
locomotive  which  may  properly  be  referred  to  as  the  Garbe  type. 
Taking  now  a  more  general  view  of  the  tendency  manifested  in 
Europe  with  reference  to  superheating,  mention  may  be  made  of 
several  significant  facts.  First,  it  should  be  noted  that  while  it 
is  the  opinion  of  the  officials  of  the  Prussian  State  Railway  that 
success  in  superheating  depends  in  large  measure  upon  the  adop- 
tion of  those  details  in  the  design  of  machine  parts  w^hich  are 
peculiar  to  their  special  type,  this  view  is  not  shared  by  the  loco- 
motive builders  of  Germany  or  by  engineers  not  connected  with 
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railway  service.  While,  therefore,  the  high  character  of  the  de- 
tails of  the  Garbe  engine  from  the  designer's  point  of  view  is  un- 
(luestioned,  it  is  probably  true  that  the  superheater  may  enter  as 
a  detail  into  the  design  of  any  well-considered  locomotive  without 
disturbing  other  details. 

Among  certain  foreign  engineers,  the  plan  of  combining  the 
superheater  with  the  compound  engine  has  been  favored,  and  a 
considerable  number  of  locomotives  have  been  constructed  on 
this  plan.  In  favor  of  such  an  arrangement,  it  is  urged  that  the 
presence  of  the  superheater  will  serve  to  reduce  the  coal  con- 
sumption of  the  compound  to  the  extent  of  approximately  7  per 
cent.  Against  it  are  urged  the  objections  that  the  two  systems 
are  in  the  main  antagonistic;  that  the  compound,  to  work  effect- 
ively, must  be  supplied  with  steam  at  high  pressure,  whereas  it 
is  counted  as  one  of  the  advantages  of  the  superheating  locomo- 
tive that  without  sacrifice  of  its  efficiency,  it  may  employ  much 
more  moderate  pressures.  The  American  engineer  is  likely  to 
concur  in  the  opinion  that  the  saving  which  can  result  from  the 
combination  is  too  small  to  justify  the  complication  incident  to 
the  presence  of  both  systems. 

It  is  an  interesting  fact  that  in  Prance,  the  birthplace  of  the 
balanced  compound,  there  is  to-day  an  extremely  active  interest 
in  the  practice  of  superheating  as  developed  in  Germany.  A 
commission  representing  the  leading  railways  of  France  has, 
after  a  careful  investigation,  made  a  report  most  favorable  to  the 
new  practice.  While  it  is  not  likely  that  superheating  locomo- 
tives will,  in  Prance,  be  allowed  to  take  the  place  of  the  highly 
developed  types  of  balanced  compound  common  in  that  country, 
and  while  it  is  not  likely  that  superheating  will  be  employed  to 
any  considerable  extent  in  connection  with  the  compounds,  there 
are  still  in  the  freight  and  switching  service  of  France  many 
simple  engines,  and  the  hope  is  expressed  that  the  superheater 
may  be  the  means  of  improving  them.  Meantime,  in  Belgium, 
where  the  advantage  of  the  balanced  locomotive  is  well  under- 
stood, and  the  objections  of  combining  the  superheater  with  the 
balanced  compound  engine  are  appreciated,  practice  is  involving 
a  four-cylinder  balanced  simple  engine  with  the  superheater,  an 
arrangement  which  gives  promise  of  very  great  success. 

7.  Arguments  Favoring  the  Adoption  of  Superheating. — These, 
as  based  upon  results  derived  from  German  experience,  may  be 
set  for  til  as  follows; 
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1.  The  advantages  of  superheated  steam  may  be  had  in 
practice  without  involving  undue  comphcation  in  mechanism  and 
■without  involving  a  degree  of  attention  in  maintenance  in  excess 
of  that  demanded  by  a  simple  engine. 

2.  The  superheating  locomotive  will  perform  its  service  ef- 
ficiently while  employing  a  comparatively  low  steam-pressure,  a 
condition  which  tends  to  reduce  cost  in  maintenance.  The  pres- 
ence of  the  superheater  does  not  necessitate  any  qualification  of 
this  statement. 

3.  Saperheating  will  materially  reduce  the  consumption  of 
water,  which  in  bad-water  districts  constitutes  a  matter  of  im- 
portance. 

^.  The  superheating  locomotive  will  reduce  the  fuel  con- 
sumption probably  to  that  required  by  a  first-class  compound 
engine. 

5.  As  to  power  and  capacity,  the  superheating  locomotive 
is  to  be  compared  with  the  compound  rather  than  with  the  simple 
engine.  It  may  be  forced  to  limits  of  power  far  beyond  those 
possible  with  simple  engines. 

6.  In  operation  the  degree  of  superheat  increases  with  in- 
creased rate  of  power,  which  tends  to  conserve  the  steam  supply 
as  the  demand  for  power  is  increased. 

III.  Tests  to  Determine  the  Value  of  Superheating 
IN  Locomotive  Service 

8.  Conditions  Suf/gesting  Tests. — The  fact  that  the  efficiency  of 
a  steam  engine  may  be  improved  by  superheating  the  steam  sup- 
plied it,  is  a  matter  which  has  long  been  understood  and  appre- 
ciated and  the  effect  of  such  highly  heated  steam  upon  the  process 
of  heat  interchange,  which  goes  on  in  the  engine  cylinder,  has  been 
so  carefully  traced  that  the  precise  manner  in  which  the  improve- 
ment is  brought  about  has  been  made  a  part  of  the  common  know- 
ledge of  the  engineer.  But  the  process  of  producing  superheated 
steam  is  one  which  consumes  heat  and  involves  apparatus  which 
has  been  expensive  in  first  cost  and  difficult  to  maintain.  Against 
the  thermodynamic  gain,  therefore,  which  may  be  secured  by  the 
use  of  superheated  steam  is  to  be  set  the  cost  of  fuel  necessary  to 
produce  the  superheating  and  the  interest  and  maintenance  charges 
arising  from  the  presence  of  the  superheater.  Costs  resulting 
from  these  accounts  are  in  large  measure  functions  of  the  design 
of  the  superheater  and  of  the  materials  which  enter  into  its  con- 
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struction,  so  that  the  wisdom  of  adopting  the  superheater  in  any 
branch  of  steam-engine  practice  is  a  matter  which  involves  very- 
much  more  than  the  fundamental  thermodynamic  theory — a  fact 
which  greatly  complicates  the  task  of  the  present-day  student  in 
this  particular  Held  of  research.  In  recent  years,  the  problem  of 
superheater  design  has  received  generous  attention,  and  materials 
possessing  qualities  hitherto  unobtainable  have  been  made  avail- 
able to  the  designer,  so  that  a  practice  which  a  quarter  of  a  cen- 
tury ago  was  generally  regarded  as  of  doubtful  expediency  has 
gradually  been  advanced  to  a  position  of  great  promise. 

Attention  has  been  called  to  the  extensive  use  of  superheated 
steam  in  the  locomotive  practice  of  Germany  and  to  the  influence 
of  this  practice  upon  that  of  other  European  countries  and  of 
America.  In  America,  especially,  there  are  evidences  of  a  strong 
professional  interest  which  is  doing  much  to  secure  for  our  country 
a  more  general  introduction  of  superheating  locomotives.  Under 
the  stimulus  of  these  developing  conditions,  it  was  natural  that  the 
energies  of  the  locomotive-testing  laboratory  of  Purdue  Univer- 
sity should  have  been  turned  in  the  direction  of  superheated 
steam.  The  University's  locomotive,  designed  originally  for 
work  under  high  steam  pressure,  was  converted  into  a  super- 
heating locomotive,  and  with  the  aid  of  many  friendly  influences 
h  as  since  been  subjected  to  an  elaborate  series  of  tests,  the  results 
of  which  define  the  performance  w^hich  is  to  be  expected  from 
such  a  machine.  This  performance,  when  compared  with  that  of 
a  normal  locomotive  using  saturated  steam,  should  aid  in  making 
up  an  estimate  of  the  gain  to  be  secured  by  the  use  of  the  super- 
heater in  locomotive  service. 

9.  The  Means  Employed.— "VhelocomoiivQ  laboratory  of  Purdue 
University,  established  in  1891  for  the  instruction  of  students  and 
for  research,  has  been  many  times  described^  The  locomotive, 
which  for  a  number  of  years  had  been  operated  upon  this  plant, 
is  of  the  single-expansion  American  type,  having  a  boiler  designed 
to  carry  working  pressures  as  high  as  250  lb.  per  sq.  inl  In 
preparation  for  a  new  program  of  tests,  this  locomotive  was  fit- 
ted with  a  Cole  superheater,  the  boiler  and  other  parts  being  re- 
built, so  far  as  was  necessary,  to  make  the  reconstructed  machine 
a  normal  superheating  locomotive  which,  from  the  time  of 
reconstruction,  has  been  known  as  Schenectady  No.  3. 

1  "The  Purdue  University  Locomotive  Testing  Plant;'  also  Locomotive  Testing  Plants" 
(A.  S.  M.  E.t. 

-  ■  "Kor  complete  description  with  drawings  of  this  locomotive,  see  High-Steam  Pressures  in 
Locomotive  Service,  Publication  No.  66,  Carnegie  Institution  of  Washington. 
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Fig.  3.    Outline  Elbvatiox  of  Locomotive 

10.     Tlie  Principal  Gharacteristics  of  Locomotive  Schenectady  No.  3 
are  as  follows: 

Type 4-4-0 

Total  weight  (pounds) 109.000 

Weijfht  on  four  drivers  (pounds) 61.000 

Valves  (type,  Richardson  balance); 

Maximum  travel  (inches)   6 

Outside  lap  (inches) \% 

Inside  lap  ( inches ) 0 

Ports: 

Length  (inches) 12 

Width  of  steam-port  (inches) \Vi 

Width  of  exhaust-port  (inches) , 3 

Total  wheel-base  ( feet ) 23 

Rigid  wheel-base  (feet)  - 8V^ 

Cylinders: 

Diameter  (inches) 16 

Stroke  (inches) 3i 

Drivers,  diameter  outside  of  tire  (inches) 69^ 

Boiler  (type,  extended  wagon-top •: 

Diameter  of  front-end  (inches) 52 

Length  of  fire-box  ( inches) 72i"j 

"Width  of  flre-box  (inches) 34k' 

Depth  of  fire-box  (inches) 79 

Number  of  ^-inch  tubes Ill 

Number  of  5-inch  tubes 18 

Length  of  tubes  (feet) 11 .5 

Heating- surface  in  fire-box  i  square  feet ) 126 

Heating-surface  in  tubes,  water  side  ( square  feet )  89T 

Heating-surface  in  tubes,  tire  side  (square  feet) 817 

Total  water-heating  surface,  including  water  side  of  tubes  (square  feet) 1.023 

Total  water-heating  surface,  including  tire  side  of  tubes  (square  feet) 943 

Superheater;  type.  Cole  return  ;ube: 

Outside  diameter  of  superheater  tubes  (inches) 1  '*' 

Number  of  loops 32 

Average  lengtii  of  tube  per  loop  (feet) IT.  27 

Total  superheating  surface  based  upon  outside  surface  of  tubes,    surface 

of  headers  neglected  ( square  feet  i 1 93 

Total  water  and  superheating  surface,  including  water  side  of  boiler  tubes 

(square  feet) 1.216 

Total  water   and   superheating   surface,   including  fire  side  of  boiler-tubes 

(sauare  feet) 1,136 

Total  water  and  superheating  surface,    accepted  for  use  in  all  computations 

(squarefeet) 1,216 
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Ratio  of  hcating-siirfat'e  based  on  water  side  to  that  based  on  lire  side l.OT-l 

Thickness  of  crown  sheet  (inch) »'" 

Thickness  of  tube-sheet  linch) i'J 

Thickness  of  side  and  back  sheet  [  inch) • 

Diameter  of  radial  stays  (inches) l'^ 

Driving-axle  journals: 

Diameter  (inches)   '^'^* 

Length  linchesi ^-^ 

11.      The    Cole    Superheater,   as  applied  to  the  locomotive,  is 
well  shown  in  Fig.  4.     It  consists  chiefly  of  a  series  of  return- 
tubes  extending  inside  of  certain  of  the  flues  which  make  up  a  por- 
tion of  the  water-heating  surface.     To  make  room  for  the  super- 
heater, the  upper  central  portion  of  the  usual  flue-space  is  taken 
by  sixteen  j-inch  flues,  which  are  reduced  to  a  diameter  of  4  in. 
for  7  in.  of  their  length  at  the  fire-box  end  and  increased  to  a 
diameter  of  5  i^g  in.  at  the  front  tube- sheet.     They  have  a  length 
between  flue  sheets  of  138  in.     In  each  of  these  sixteen  flues,  there 
is  an  upper  and  a  lower  line  of  superheating  tubes.     Each  line  ex- 
tends from  a  steam-pipe  header  in  the  smoke-box  back  into  its 
flue  to  a  point  near  the  back  tube  sheet,  where  it  meets  and  is 
screwed  into  a  return-pipe  fitting  of  special  design.     From  the 
second  of  the  two  openings  in  this  fitting,  a  similar  pipe  extends 
forward  through  the  flue  and  into  the  smoke-box  to  a  second  head- 
er, from  which  branch-pipes  lead  to  the  cylinders.     All  together, 
there  are  32  of  these  loops.     In  13  of  the  flues,  the  lower  loops 
are  116  ■:  in.  long,  extending  into  the  flue  within  2  ft.  5  in.  of  the 
back  of  the  tube-sheet.     In  the  other  3  flues  the  loops  are,  re- 
spectively, 3  ft..  2  ft.,  and  1  ft.  shorter  than  the  normal.     The 
upper  loop  in  each  flue  is,  in  all  cases,  approximately  9  in.  short- 
er than  the  lower  loop.     The  headers  to  which  the  pipes  of  the 
superheater  connect  at  the  smoke- box  end  are  of  cast  steel.     They 
have  walls  three  eighths  of  an  inch  thick  and  are  cored  in  such  a 
manner  that   all  steam  passing  the  throttle  valve  must  traverse 
some  one  of  the  several  loops.     In  its  passage  from  the  boiler,  the 
steam  leaves  the  dry-pipe  G,  Fig.  4,  and  passes  into  the  headers 
through  the  openings  D  in  the  top  part  of  the  tee-head.     It  then 
flows  downv^ard  through  the  passage  in  one  side  of  this  header  and 
passes  back  toward  the  fire-box  through  the  8  tubes  which  are 
joined  to  it.     At  the  castings  which  form  the  return  bends,  its  di- 
rection is  reversed  and  it  passes  back  through  the  return  tubes  to 
the  passage  in  the  other  side  of  the  header.     It  then  passes  up- 
ward into  the  low^er  half  of  the  tee-head  E,  and  from  there  into 
the  branch  steam- pipes. 
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12.  A  Comparison  of  the  Dimensions  of  the  boiler  as  set  forth 
above  with  those  of  Schenectady  No.  2,  follows.  The  exhibit  shows 
the  extent  of  the  change  brought  about  by  the  installation  of  the 
Cole  superheater. 

Number  of  2-in.  flues  displaced  by  sixteen  5-inch  flues,  necessary  to  give  place  to  the 

superheater 89 

Reduction  in  wuter-heating  surface   (sQuare  feet) 299 

Reduction  in  water-heating  surface  Iper  cent) 22.6 

Heating-surface  replaced  by  the  installation  of  the  superheater  (square  feet) 193 

Heating-surface  replaced  by  the  installation  of  the  superheater  (per  cent  of  surface 

removed) 64.5 

Reduction  in  total  transmitting-surface  (water  and  superheating)  (square  feet)  106 

Reduction  in  total  transmitcing-surface  (water  and 'superheating)  (per  cent) 8 

13.  The  Tests  were  began  in  November,  1906,  and  were  com- 
pleted, so  far  as  the  series  at  present  under  consideration  is  con- 
cerned, in  July,  1907.  During  this  period  of  8  months,  the  ex- 
perimental locomotive  ran  1,417,995  revolutions,  which  is  equiva- 
lent to  4,851  miles. 

The  tests  were  run  at  pressures  of  240,  200,  160,  and  120  lb., 
respectively,  the  number  of  tests  under  each  pressure  being  suf- 
ficient to  disclose  the  performance  when  running  at  several  differ- 
ent speeds  and  cut-offs.  The  exhibit  is  especially  full  for  a  press- 
ure of  160  lb. ,  a  pressure  which  is  a  close  approach  to  that  common- 
ly used  in  connection  with  superheating  locomotives.  Altogether, 
38  tests  were  run.  A  concise  statement  of  the  pressure,  speed, 
and  cut-off  represented  is  set  forth  by  Fig.  5  to  8,  in  which  each 
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rectangle  represents  the  general  conditions  of  one  test.  Concentric 
rectangles  represent  conditions  for  which  duplicate  tests  were  run; 
the  enclosed  numeral  is  the  serial  number  of  the  tests. 

All  results  presented  are  directly  comparable  with  corres- 
ponding results  obtained  when  using  saturated  steam,  which  are 
set  forth  in  the  published  account  of  a  previous  research  .^ 

IV.  Performance  of  Boiler  and  Superheater 

14.  Attention  should  early  be  called  to  the  fact  that  because 
of  threatened  interruptions  in  the  running  of  the  tests,  it  was 
thought  expedient  to  use  two  grades  of  coal  and  to  rely  upon  the 
results  disclosed  by  the  heat-balance  of  the  several  tests  as  a  basis 
for  final  comparisons.  Of  the  two  fuels  used,  the  Youghiogheny 
coal  has  been  accepted  as  standard,  and  where  results  obtained 
from  the  Pocahontas  coal  have  been  needed  in  formulating  con- 
clusions, they  have  been  reduced  to  equivalent  results  which 
would  have  been  obtained  had  the  standard  coal  been  used 
throughout  the  work.     One  man  served  as  fireman  for  all  tests. 

In  the  paragraphs  which  follow,  an  attempt  will  be  made  to 
state  briefly  some  of  the  more  significant  facts  which  may  be 
developed  from  the  data;  in  some  cases  graphic  methods  are  em- 
ployed to  emphasize  their  importance. 
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EQUIVALENT    EVAPORATION    PER    FOOT    OF    HEATING  SURFACE  PER   HOUR 
Pig,  9.      SUPKBHEATING  AS  AFFECTED  BY  RATE  OF  EVAPORATION. 
BOILEB  PBBSSUKK  240  LB. 


1  Elah  steam-  Pressures  in  Locomotive  Service,  by  W.  F.  M.  Goss,  Publication  No.  66,  Carnegrie 
Institution  of  Washington,  reviewed  and  presented  as  Bulletin  No.  26,  Hioh  Steam-Pressurte 
in  Locomotive  Service,  Engineering  Experiment  Station,  University  of  Illinois. 
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15.  Superheating. — The  observed  temperature  of  the  steam 
delivered  from  the  superheater  was  measured  by  a  high-grade 
mercurial  thermometer  placed  in  the  header  at  a  point  near  its 
opening  into  the  left-hand  branch- pipe,  point  A,  Fig.  4.  Fig.  9 
to  12  present  the  extent  of  the  superheating  effect  for  the  dif- 
ferent rates  of  power  to  which  the  boiler  was  worked,  (equivalent 
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evaporation  per  square  foot  of  water- heating  surface  per  hour), 
each  diagram  representing  some  one  of  the  several  pressures 
under  which  the  boiler  was  operated.  The  ordinates  and  the 
abscissas  of  all  points  in  each  diagram  have  been  averaged, 
and  from  values  thus  obtained,  an  average  point,  designated  as 
a  cross  in  a  circle,  has  been  located.  Through  this  a  straight 
line  has  been  drawn  which  represents,  with  a  fair  degree  of 
accuracy,  all  of  the  experimental  points  involved.  It  happens 
that  the  slope  of  these  lines  is  the  same  for  all  of  the  diagrams 
under  consideration.  They  define  the  change  in  the  degree  of 
superheat  attending  changes  in  the  rate  of  evaporation  when  the 
boiler- pressure  has  the  value  stated. 
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equivalent  evaporation  per  foot  of  heating  surface  per  hour 
Fig.  12.  Superheating  as  Affected  by  Rate  of  Evaporation, 
boil,be-pre.ssure  120  pounds 

A  comparison  of  the  several  diagrams  will  show  that  if  the 
boiler  were  operated  under  a  constant  rate  of  evaporation  for 
each  of  the  several  boiler-pressures,  the  degree  of  superheat 
would  be  different  in  each  case.  For  example,  if  a  comparison  is 
based  upon  a  rate  of  evaporation  of  11  lb.  of  water  per  sq.  foot  of 
water-heating  surface  per  hour,  the  degree  of  superheat  will  be: 


170°  when  the  boiler  pressure  is  120  lb. 
165°     "        ■'        "  "  "  160  ■• 

154°     •'        "        ••  "  "  200   '■ 

135° '■  ■'  240  " 
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These  values  are  shown  graphically  in  Fig.  13.  Referring 
to  this  figure,  it  will  be  noticed  that  the  superheat  varies  more 
rapidly  for  a  given  increment  at  the  higher  pressures  than  at  the 
lower  pressures,  and  that  the  line  connecting  the  experimental 
points  is  a  curve.  A  straight  line  may,  however,  be  drawn  which 
will  represent  all  the  experimental  points  with  an  error  which 
in  no  case  will  be  greater  than  2  per  cent.  In  the  same  manner,  a 
series  of  straight  lines  may  be  determined,  each  showing  the  re- 
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lation  between  boiler  pressure  and  superheat  at  a  different  rate 
of  evaporation.  This  series  of  straight  lines  may  be  represented 
by  an  equation,  which  defines  the  performance  of  the  superheater 
for  any  pressure  between  120  and  240  lb.  gauge,  with  a  maximum 
error  of  less  than  2  per  cent.     The  equation  thus  determined  is 

T^  123  -  0.265  P+ 7.28  5- 

where  T  equals  the  number  of  degrees  superheat;  P  the  boiler- 
pressure  by  gauge,  and  //  the  equivalent  evaporation  per  square 
foot  of  water-heating  surface  in  the  boiler. 
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16.  Draft. — The  draft  produced  in  the  front- end  of  the  loco- 
motive was  measured  at  a  point  directly  in  front  of  the  diaphragm. 
The  rate  of  increase  in  draft  values  with  increased  rates  of  evap- 
oration is  well  shown  by  Fig.  14.     This  figure  gives  the  results 
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Fig.  14.    Draft  in  Front  of  Diaphgram 

of  tests  at  160  lb.  only.  Curves  representing  points  obtained  at 
other  pressures  are  practically  identical  with  those  shown,  the 
fact  being  that  changes  in  boiler- pressure,  within  the  limits  of 
the  experiments,  have  practically  no  influence  upon  draft  values. 
As  would  be  expected,  these  depend  entirely  upon  the  rate  of 
evaporation  required. 
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17.  Smoke-Box  Teniperatures.— The  temperatures  of  the 
smoke-box  gases  were  read  by  a  mercurial  thermometer  placed 
midway  between  the  diaphragm  and  the  front  tube- sheet.  Fig. 
15  shows  the  effect  upon  the  smoke-box  temperature  of  changes 
in  the  rate  of  power  for  a  boiler  pressure  of  160  lb.  It  will  be 
seen  that  the  smoke- box  temperature  increases  as  the  rate  of 
evaporation  is  increased,  an  effect  the  significance  of  which  is 
well  understood.  For  example,  when  the  rate  of  evaporation 
equals  6  lb.  of  water  per  sq.  foot  of  heating-surface,  the  smoke-box 
temperature  is  approximately  600°  F.  When  the  rate  of  evapo- 
ration is  increased  to  12,  the  temperature  of  the  smoke-box  ap- 
proaches 800°  F.  It  is  not  far  from  the  truth  to  say  that  a 
change  of  1  lb.  in  the  rate  of  evaporation  produces  a  change  of 
20°  in  the  temperature  of  the  smoke-box.  The  smoke-box  tem- 
perature shows  a  slight  tendency  to  increase  with  increase  of 
pressure,  other  things  being  the  same,  but  the  differences  are 
too  slight  to  be  accepted  as  material. 

18.  Evaporative  Efficiency  of  the  Combined  Boiler  and  Super- 
heater.—The  relation  between  the  pounds  of  water  evaporated 
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from  and  at  212'',  equivalent  to  the  weight  of  superheated  steam 
delivered  per  pound  of  dry  coal,  and  the  equivalent  evaporation 
per  sq.  ft.  of  surface  in  the  boiler  and  superheater  per  hr.,  under 
all  conditions  of  pressure,  is  given  in  Fig.  16.  The  data  show 
that,  if  the  discussion  is  allowed  to  concern  itself  with  very  small 
differences,  the  highest  efficiency  is  obtained  when  the  boiler 
pressure  is  lowest;  conversely,  the  lowest  efficiency  results  when 
the  boiler  pressure  is  highest.  But,  except  in  the  case  of  tests 
at  120  lb.,  the  results  of  which  do  not  compare  closely  with 
those  for  other  pressures,  the  differences  are  hardly  more  than 
measurable.  In  a  larger  sense,  it  seems  to  be  true  that  changes 
in  boiler  pressure  between  the  limits  of  1201b.  and  240  lb. ,  have 
practically  no  effect  upon  the  evaporative  efficiency  of  the  boiler. 
Proceeding  on  this  basis,  it  is  clear  that  a  general  expression 
for  the  evaporative  efficiency  of  the  combined  boiler  and  super- 
heater may  be  based  upon  the  results  of  all  tests,  regardless  of 
the  pressure  at  which  they  were  run.  Such  expression  is  repre- 
sented by  the  line  drawn  through  the  plotted  points  of  Fig.  16. 
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equivalent  evaporation  per  foot  of  heating  surface  per  hour 

Fig.  17.    Equivai.ent  Evaporation  per  Pound  of  Coal,  under  all 
Conditions  of  Pressure.  Exclusive  of  the  Superheater 
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The  equation  for  this  line,  and  consequently  one  which  defines  in 
general  terms  the  performance  of  the  combined  boiler  and  super- 
heater, is 

/•;=  11.706 -0.214// 
where  A' is  the  equivalent  evaporation  from  and  at  212°   P.   per 
pound  of  dry  coal,  and  H  is  the  equivalent  evaporation  per  square 
foot  of  water  and  superheating  surface. 

19.  Evaporative  Efficiency  of  the  Boiler,  Exclusive  of  the  Super- 
heater.—The  equivalent  evaporation  of  the  boiler  per  pound  of 
dry  coal,  in  terms  of  the  equivalent  evaporation  per  square  foot 
of  waterheating  surface  in  the  boiler  per  hour  is  shown  in  Fig.  17. 
The  equation  for  the  mean  line  drawn  through  these  points  is: 

/;==  11.105  -  0.2087 /T 
This  curve  is  substantially  of  the  same  slope  as  that  which  repre- 
sents the  performance  of  the  combined  boiler  and  superheater 
(Fig.  16),  but  it  represents  values  which  are  lower,  a  result  due 
to  the  fact  that  the  basis  of  the  compaiison  practically  assumed 
that  the  heat  which  is  normally  absorbed  by  the  superheater  is 
in  this  case  lost. 

20.  The  Division  of  Work  between  Water  and  Superheating 
Surface.— The  ratio  of  the  heat  absorbed  per  square  foot  of  sup- 
erheating surface  to  that  absorbed  per  square  foot  of  water- heat- 
ing surface  may  be  accepted  as  an  expression  of  the  relative  ef- 
ficiency of  the  water  and  superheater  surface.     Fig.  IH  represents 
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this  quantity  plotted  against  equivalent  evaporation  per  square 
foot  of  water-heating  surface  for  a  boiler  pressure  of  160  lb.  Re- 
ferring to  this  figure,  it  will  be  seen  that  as  the  rate  of  evapora- 
tion increases,  there  is  a  corresponding  increase  in  the  ratio  of 
the  heat  absorbed  per  square  foot  of  superheater  surface  to  that 
absorbed  per  square  foot  of  boiler  surface.  Thus,  the  ratio  has  a 
value  of  34  per  cent  when  the  rate  of  evaporation  is  6  lb.  of  water 
per  square  foot  of  water-heating  surface  and  53  per  cent  when  the 
rate  of  evaporation  is  increased  to  14  lb.  The  value  of  this  ratio 
is  independent  of  the  boiler-pressure. 

21.  Smoke- Box  Gases. — The  percentage  of  excess  air  is  in  all 
cases  small  (between  20  and  25  per  cent  in  most  tests)  and  it  dis- 
tinctly tends  to  diminish  as  the  rate  of  evaporation  is  increased. 
The  reason  for  this  is  to  be  found  in  the  fact  that  in  locomotive 
service  higher  rates  of  evaporation  necessarily  involve  the  use  of 
thicker  fires,  which  offer  greater  resistance  to  the  admission  of 
air. 

The  percentage  of  carbon  dioxide  (CO.,)  present  in  the  smoke- 
box  gases  ranges  from  10.8  to  14.6.  The  significance  of  these  re- 
sults as  factors  in  any  general  comparison  is  impaired  by  the 
variable  quality  of  the  fuel  used.  Taken  as  they  stand,  they  do 
not  disclose  any  well-defined  law  governing  the  changes  in  their 
value  with  changes  in  the  rate  of  combustion.  The  highest  values 
are,  however,  those  which  were  obtained  in  tests  under  the  higher 
pressures,  the  average  value  for  all  tests  at  240  lb.  being  14.25, 
while  the  average  value  for  all  tests  at  120  lb.  is  but  11.70.  This 
may  be  accepted  as  evidence  that,  for  some  reason  not  defined 
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the  fire  was  maintained  in  a  more  efficient  condition  during  the 
tests  under  high  pressure  than  during  those  at  lower  pressures. 
The  percentage  of  carbon  monoxide  (CO)  present  in  the  smoke- 
box  gases  is  never  great  notwithstanding  the  low  percentage  of 
excess  air  present.     At  the  same  time,  there  are  no  tests  that  do 
not  show  the  presence  of  a  trace  or  more  than  a  trace  of  this  gas. 
Its  tendency  to  increase  as  the  percentage  of  excess  air  dimin- 
ishes is  well  shown  by  Fig.  19.     This  figure  shows  also  that  under 
similar   conditions,  the  combustion  of  the  Pocahontas  coalis  less 
perfect  than  that  of  the  Youghiogheny,  a  result  which  is  more 
likely  to  be  due  to  the  presence  of  a  greater  percentage  of  fine 
coal  in  the  Pocahontas  than  to  differences  in  composition.      The 
tendency  of  carbon  monoxide  to  increase  with  increased  rates  of 
evaporation  is  shown  by  Fig.  20.     This  tendency  is  doubtless  due 
to  mechanical  conditions.      It  may  be  accepted  also  as  a  function 
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of  that  tendency  to  which  attention  has  already  been  called. 
Thus,  increased  rates  of  evaporation  demand  higher  rates  of  com- 
bustion, and  these  in  turn  require  more  air,  which  must  be  sup- 
plied by  an  increase  in  the  strength  of  the  draft-action.  In  the 
presence  of  a  stronger  draft,  the  bed  of  the  fire  must  be  thickened, 
and  the  thicker  fire  throttles  the  passage  of  air  into  the  fire-box  to 
such  an  extent  that  the  supply  is  not  commensurate  with  the  in- 
crease in  the  draft- action;  hence  a  reduction  in  the  amount  of  ex- 
cess air,  and  this,  as  has  already  been  shown,  leads  to  an  increase 
in  the  percentage  of  unconsumed  gas. 


30 


ILLINOIS   ENGINEERING  EXPERIMENT   STATION 


TEST    NUMBER      2 


UNACCOUNTED    FOR 

ASH 

STACK    CINDERS 

FRONT     END    CINDERS 


ESCAPING     GASES 


OISTURE 
SUPERHEATER 


EQUIVALENT     EVAPORATION     PER    FOOT    OF    HEATING    SURFACE    PER    HOUR 

Flo.  21.    Heat-balancb  of  Combined  Boilek  and  Superheater  as  Derivei> 
FROM  Tests  of  Pocahontas  Coal 


TEST    NUMBER 


O-     O 


II'     '  '  1    III  '  '  !  M  '  :  ■  ' 

zt\H^i^ 

1  i 

;  !  1  1  •' 

^ 

^U4- 

1            \    ■    ,    ■■    i    '    ''    ■                    x^** 

y^ 

^ . 

i          i       '    '    i       i   1    '    '       :       \  / 

-i — " 

i          1       Ml       j    (   ',    :    1    ■         ^' 

' 

-" — ■ — 

h~Hct===^'=c:r^T-[^ — f" — ^" 

;     ■     ■  '  i 

'  '  I-' 

-r^D          --<i -^^T — ^^^ 

1 

^_ 

f  1  1      1  i  nHrT^^^^^^H^ 

—jA   '        ■   '^g:!^  '"'    ""^^\'" 

^-Nl ' 

K 

-r^ 

::i::EEi:i:  ^  ujai-^. 

fHH 

•  ]  ' 

;  1 
1 

t  '  n 

1  '  '  ' 

-+-                          iJ- 

1      i 

I                !    '    i    1 

1 

1  i 

1 

!    1    1! 

i  : 

: 

1 

1 

L                   ~T"        "T 

1                   1       i 

* 

1       1       i 

1 

~T~'    "    T   ni     '  : 

i    ' 

[ 

.     Jf^-                     -LiLLU 

;                     i 

1 

\ 

1 

"^ 

'  1 

i 

1 

.  . 

i                                j 

J   1 

'     : 

JI  1            _    J       ±^ 

1 

1 

""  /  1  L    h  ""  :' 

1- 

1 

1     1      r 

±: .^    ^T 

1     1 

UNACCOUNTED    FOR 

ASH 

STACK    CINOERS 

FRONT    END    CINDERS 

CO 

■ESCAPING     GASES 

■MOISTURE 
-SUPERHEATER 


'  8  9  10  11  t2  13  14 

EQUIVALENT     EVAPORATION     PER     FOOT   OF   HEATING    SURFACE    PER   HOUR 

Fig.  22.    Hba t-balanck  of  Combined  Boiler  and  Superheater  as  Derivei> 
FROM  Tests  of  Youghiogheny  Coal 
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22.  Heat  Balance. — P^rom  data  obtained,  it  has  been  possible  to 
complete  a  heat-balance  for  18  tests.  Graphic  representations  of 
the  heat  absorbed  and  of  the  heat  lost,  plotted  in  ternas  of  the 
rate  of  evaporation,  are  presented  by  Pig.  21  and  22.  The  neces- 
sity for  two  diagrams  is  to  be  regretted.  It  has  been  no  part  of 
the  purpose  of  the  present  work  to  make  tests  of  coals,  and  thus 
far  in  the  discussion,  it  has  been  possible  to  avoid  bringing  into 
direct  comparison  the  results  obtained  from  the  two  varieties  em- 
ployed. The  process  of  making  up  a  heat  balance,  however, 
admits  of  no  compromise,  and  the  discussion  which  follows  neces- 
sarily defines  the  behavior  of  the  coals.  In  the  consideration 
given  this  portion  of  the  work,  it  will  be  well  to  remember  that 
the  commercial  grading  of  the  two  coals  was  not  the  same.  This 
is  well  brought  out  by  the  following  summarized  facts  concern- 
ing them. 

The  Pocahontas  coal  used  was  run-ofmine,  and,  as  such  it 
contained  a  considerable  amount  of  slack.  It  was  fairly  uniform 
throughout. 

The  Youghiogheny  coal  was  obtained  from  two  different 
sources  and  was  less  uniform  in  quality.  All  tests  involving  this 
fuel,  run  prior  to  April  12,  were  fired  with  a  so-called  Virginia 
lump,  while  tests  run  after  this  date  were  fired  with  fuel  delivered 
as  run-ofmine,  but  which  was  screened  at  the  laboratory  before 
being  used.  Averages  of  all  results  obtained  from  samples  of  the 
Pocahontas  and  Youghiogheny  coal  are  shown  in  the  following 
statement. 


Moisture  (per  cent)  

Volatile  matter  (per  cent) 

Fixed  carbon  (per  cent) 

Ash  (per  cent) 

Heating  value  per  pound  of  dry  coal  (B  t.  u.) 

Heatin?  value  per  pound  of  combustible  (B.  t.  u.). 


Youerhiogheny 


1.89 
31.94 
57.71 

8.46 

14.047 
15.372 


In  the  diagrams.  Pig.  21  and  22,  the  term  "heating-surface", 
as  employed  in  designating  the  abscissas,  includes  the  heat-trans- 
mitting surface  of  both  boiler  and  superheater.  The  ordinates  of 
the  diagrams  represent  the  percentage  of  heat  in  the  fuel  sup- 
plied. Distances  measured  on  ordinates  between  the  axis  and  the 
first  line  A  represent  the  percentage  of  the  total  heat  supplied 
which  is  absorbed  by  the  water  of  the  boiler.  The  line  A  is  in 
fact  a  definition  of  the  efliciency  of  the  boiler  under  the  varying 


32  ILLINOIS   ENGINEERING    EXPERIMENT    STATION 

rates  of  evaporation  represented  by  the  series  of  tests.  While 
based  upon  a  different  unit,  it  is,  as  it  ought  to  be,  similar  in  form 
to  curves  defining  the  evaporative  efficiency  of  the  boiler,  which 
shows  the  pounds  of  water  evaporated  per  pound  of  coal  used. 
The  inclination  of  all  such  lines  shows  the  extent  to  which  the 
efficiency  of  the  boiler  suffers  as  the  rate  of  evaporation  is  in- 
creased. The  nature  and  extent  of  the  losses  leading  to  such  a 
result  are  to  be  found  in  the  areas  above  the  line  A.  The  fact 
that  the  points  representing  different  tests,  through  which  this 
line  A  is  drawn,  do  not  result  in  a  smooth  curve  is  due  to  irregu- 
larities in  furnace  conditions  which  were  beyond  the  vigilance  of 
the  operator,  an  explanation  which  applies  equally  to  other  lines, 
B,  G,  D,  etc.,  of  the  same  diagrams. 

The  percentage  of  the  total  heat  which  is  absorbed  by  the 
superheater  is  measured  by  distances  on  ordinates  between  the 
line  A  and  the  line  B.  It  is  apparent  from  the  record  that  the 
percentage  of  the  total  heat  absorbed  by  the  superheater  is  prac- 
tically constant,  whatever  may  be  the  power  to  which  the  boiler 
is  driven.  The  normal  maximum  power  of  a  locomotive  may,  for 
present  purposes,  be  assumed  to  be  that  power  which  is  repre- 
sented by  an  evaporation  of  12  lb.  of  water  per  sq.  foot  of  heating- 
surface  per  hour.  Basing  a  statement  on  the  record  as  it  ap- 
pears from  the  rate  of  power,  the  superheater,  which  contains  16 
per  cent  of  the  total  heat- transmitting  surface,  receives  approxi- 
mately 8  per  cent  of  the  total  heat  absorbed.  Distances  between 
the  broken  line  B  and  the  axis  represent  the  efficiency  of  the  com- 
bined boiler  and  superheater.  Distances  above  this  line  B  ac- 
count for  the  various  heat-losses  incident  to  the  operation  of  the 
furnace,  boiler,  and  superheater. 

Losses  of  heat  arising  from  the  presence  of  accidental  and 
combined  moisture  in  the  fuel,  the  presence  of  moisture  in  the  at- 
mospheric air  admitted  to  the  fire-box,  and  of  moisture  resulting 
from  the  decomposition  of  hydrogen  in  the  coal  are  represented 
by  distances  measured  on  ordinates  between  the  lines  B  and  C. 
It  is  of  passing  interest  to  note  that  the  heat  thus  accounted  for 
is  practically  equal  to  that  absorbed  by  the  superheater. 

Losses  of  heat  in  gases  discharged  from  the  stack  are  repre- 
sented by  distances  measured  on  ordinates  between  the  lines  G 
and  D.  The  distances  between  the  lines  D  and  E  represent  that 
portion  of  these  losses  which  is  due  to  the  incomplete  burning  of 
the  combustible  gases.  The  record  shows  that  this  loss  is  neces- 
sarily large,  but  does  not  increase  with  the  increased  rates  of  com. 
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bustion,  as  has  commonly  been  supposed.  In  other  words,  the  loss 
in  evaporative  efficiency  with  increase  of  power  does  not  occur 
in  any  degree  through  the  channel  of  the  smoke- box  gases.  That 
portion  of  this  loss  which  is  chargeable  to  incomplete  combus- 
tion is  small  under  low  rates  of  combustion,  but  may  increase  to 
values  of  some  significance  under  the  influence  of  very  high  rates 
of  combustion,  as  will  be  seen  from  the  record  of  the  Youghio- 
gheny  coal. 

Losses  of  heat  through  the  discharge  from  the  fire-box  of  un- 
consumed  fuel  are  represented  by  distances  measured  on  ordinates 
between  the  lines  E  and  11.  The  loss  thus  defined  is  separated 
into  three  parts,  viz.,  the  heat  lost  by  partially  consumed  fuel  in 
the  form  of  cinders  collecting  in  the  front-end  {E  F):  the  heat  lost 
by  partially  consumed  fuel  in  the  form  of  cinders  or  sparks  thrown 
out  of  the  stack  (FG);' the  heat  lost  by  partially  burned  fuel 
dropping  throught  the  grate  into  the  ash-pan  (GH). 

The  first  two  of  these  losses  increase  with  the  rate  of  power 
developed.  They  are  in  fact  the  chief  cause  of  the  falling  off  of 
the  evaporative  efficiency  of  a  locomotive  boiler  with  increased 
rates  of  power.  This  is  well  shown  by  a  comparison  of  the  two 
diagrams.  In  the  case  of  tests  with  the  Pocahontas  coal  (Fig.  21) 
the  cinder  loss  is  comparatively  heavy  and  the  boiler  efficiency 
diminishes  in  a  marked  degree  under  high  rates  of  power,  while 
tests  under  similar  conditions  with  the  Youghiogheny  coal  (Fig.  22), 
involving  less  loss  by  cinders,  show  an  efficiency  of  the  boiler 
under  high  rates  of  power  which  is  much  better  sustained. 

The  cinder  loss,  expressed  as  a  percentage  of  the  total  weight 
of  coal  fired,  is  shown  by  Fig.  23,  and  the  heating  value  of  the 
material  thus  accounted  for  by  Fig.  24.  It  will  be  seen  that  cin- 
ders from  the  Pocahontas  coal  have  more  than  double  the  weight, 
and  that  each  pound  has  nearly  double  the  heating  value  of  those 
resulting  from  the  Youghiogheny  coal,  a  result  doubtless  due  in 
part  to  the  large  percentage  of  tine  coal  in  the  Pocahontas  and  to 
the  absence  of  such  material  in  the  Youghiogheny.  The  stack 
cinders  from  both  coals  have  a  higher  calorific  value  than  those 
caught  in  the  smoke-box.  Under  the  practice  of  the  laboratory, 
in  no  case  was  the  coal  wetted  previous  to  its  being  fired.  Con- 
cerning the  general  significance  of  the  results,  it  will  be  well  to 
remember  that  the  fuel  used  in  all  tests  was  of  high  quality. 
Lighter  and  more  friable  coals  are,  as  a  rule,  more  prolific  pro- 
ducers of  stack  and  front- end  cinders. 
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Radiation,  leakage,  and  all  other  losses  unaccounted  for  are 
represented  by  distances  measured  on  ordinates  between  the  line 
H  and  the  100  per  cent  line  of  the  diagram.  The  radiation  losses 
are  probably  from  1  to  2  per  cent  of  the  total  heat  available,  the 
remainder  equaling  from  2  to  4  per  cent,  representing  leakage  of 
steam  or  water,  or  inaccuracy  in  the  determination  of  quafntities 
already  discussed. 

23.  A  Summarized  Statement  with  Reference  to  the  Distribution 
of  Heat  in  the  Locomotive  Experimented  upon. — It  is  sometimes  con- 
venient, for  the  purpose  of  fixing  values  in  one's  mind,  to  have  an 
elaborate  statement  of  fact  summarized  into  a  few  representative 
values,  the  relation  between  which  may  be  easily  remembered. 
Such  a  summary  may  be  framed  in  the  present  case  by  assuming 
that  the  normal  maximum  power  of  the  locomotive  tested  is  that 
which  involves  a  rate  of  evaporation  of  12  lb.  of  water  per  square 
foot  of  heating  surface  per  hour,  and  by  averaging  values  for  this 
rate  of  power,  from  the  diagrams,  Fig.  21  and  22.  The  result 
may  be  accepted  as  showing  in  general  terms  the  action  of  such  a 
locomotive  as  that  tested  when  fired  with  a  good  Pennsylvania  or 
West  Virginia  coal.     It  is  as  follows: 

Per  cent 

Total  heat  available,  absorbed  by  water  in  boiler 52 

Total  heat  available,  absorbed  by  steam  in  superheater 5 

Total  heat  available,  lost  in  vaporizing-  moi.'iture  in  coal —  5 

Total  heat  available,  lost  through  discharge  of  CO 1 

Total  heat  available,  lost  through  high  temperature  of  escaping  gases,  the  products  of 

combustion...  1* 

Total  heat  available,  lost  through  unconsumed  fuel  in  the  form  of  front-end  cinders 3 

Total  heat  available,  lost  through  unconsumed  fuel  in  the  form  of  cinders  or  sparks 

passed  out  of  stack 9 

Total  heat  available,  lost  through  unconsumed  fuel  in  ash 4 

Total  heat  available,  lost  through  radiation,  leakage  of  steam  and  water,  etc 7 


Total  heat  available  accounted  for. 


V.     Performance  of  the  Engine  and  of  the  Locomotive 

AS  A  Whole 

24.  Indicated  Horse-Power. — The  range  in  the  values  of  the 
indicated  horse-power  for  all  pressures  falls  between  the  limits  of 
163  and  599  h.  p.  The  maximum  horse-power  (599)  was  developed 
under  a  boiler  pressure  of  160  lb.  and  a  speed  of  40  miles  per  hr. , 
with  the  reverse  lever  in  the  eighth  notch,  corresponding  to  a  cut- 
off of  35  per  cent  of  stroke.     The  following  table  shows  the  effect 
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of  changes  in  boiler  pressure  upon  the  power  output  of  the  engine 
when  run  with  the  reverse  lever  in  the  fourth  notch  at  a  speed  of 
40  miles  an  hour. 


Pressure 

Corresponding 
horse-power 

lb. 

120 
160 

200 
2W 

179 
343 
445 
551 

BEVEnSE  LEVER  NOTCH  FROM  CENTER  FORWARD 


Fig.  25.    Ste.\m  PEtt  iNiiic.^TED  Horsk- 

powEK  Hour:  Boilek  Pkessube 

210  Pounds 


EV&HSE  LEVER  NOTCH  FROM  CENTER  FOF 


Fig.  26.    Steam  per  Indicated  Horse- 
power Hour;  Boiler  Pressure 
200  Pounds 


REVERSE  LEVER  NOTCH  FROM  CENTER  FORWARD 


Fig.  27.    Steam  per  Indicated  Horse- 
power Hour;  Boiler  Pressure 
160  Pounds 


^lEVERSE     LEVER     NOTCH     FROM     CENTER     FORWARD 


Fig.  28.    Steam  per  Indicated  Horse- 
power Hour;  Boiler  Pressure 
120  Pounds 


25.  Steam  Consumption  per  Indicated  Horse-Poioer. — The  steam 
consumption  per  indicated  horse- power  is  presented  graphically 
by  Fig.  25  to  28.  These  diagrams  show  clearly  the  effect  of  speed 
and  cut-off  on  the  steam  consumption  of  the  cylinders.  The  most 
complete  exhibit,  is  that  of  tests  run  at  a  pressure  of  160  lb.  In 
this  series,  the  full  range  of  speed  and  cut-off  possible  under  a 
wide-open  throttle  has  been  carried  out,  and,  consequently,  the 
exhibit  of  results  for  this  pressure  discloses  a  record  of  the  max- 
imum and  minimum  performance  under  a  wide-open  throttle. 
The  maximum  steam  consumption  for  any  test  of  record  is  29.06  lb. 
and  the  minimum  is  20.29. 
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Fn;.-29.    Least  Steam  CoNstJMPi ION  for 

Each  of  the  Several  Speeds 

AT  Different  Pressures 

The  least  steam  consumption  per  horse-power  hour  for  each 
of  the  several  pressures  at  which  tests  were  run  is  shown  by 

Fig.  29. 

fi'or  the  purpose  of  securing  a  statement  of  the  steam  con- 
sumption of  the  engine,  as  set  forth  by  the  data  presented,  values 
for  all  pressures  have  been  plotted  upon  a  single  sheet.     In  making 
up  this  figure,  values  for  the  second-notch  tests  at  160  lb.  have 
been  excluded,  since  these  tests  were  at  a  very  low  power  and  there 
are  no  corresponding  tests  at  other  pressures.     In   a  few  cases, 
values  for  other  pressures,  not  covered  by  the  data,  have  been  de- 
rived by  extrapolation.     The  least  steam  consumption  for  each  of 
the  several  pressures  as  represented  by  the  average  values  given 
in  Fig.  29,  is  indicated  by  points  designated  by  crosses,  while  the 
average  of  all  accepted  values  for  each  given  pressure  is  repre- 
sented by  circles.     In  order  that  the  steam  consumption  of  the 
engine  may  be  defined  by  a  single  series  of  values,  a  line  (AB, 
Fig.  30)  has  been  drawn  through  the  average  points  represented 
by  the  circle.     It  is  proposed  to  accept  this  line  as  representing 
the  steam  consumption   of   the   experimental  engine   under  the 
several  pressures  employed.     It  should  be  noted  that  it  is  not  the 
least  consumption  or  the  maximum,  but  that  it  is  the  average  of 
a  group  of  results  all  of  which  represent  normal  working  con- 
ditions, and  none  of  which  represents  a  consumption  more  than 
4  lb.  above  the  minimum. 
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From  the  curve  it  appears  that  the  minimum  normal  consump- 
tion is  obtained  under  a  pressure  of  200  lb.,  and  that  at  this 
pressure  it  amounts  approximately  to  21.6  lb.  per  indicated  horse- 
power hour. 
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Fig.  30.    Steam  Consumption  under  Uiffekent 
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26.  Steam  Shown  by  Indicator. — If,  for  any  test,  it  should 
appear  that  there  is  present  in  the  cylinder  more  than  100  per 
cent  of  mixture,  it  is  to  be  accepted  as  evidence  that  for  that  test 
the  steam  was  superheated  at  release.  The  data  show  that  such 
a  condition  is  not  closely  approached  for  any  of  the  high- pressure 
tests,  all  of  which  were  necessarily  run  under  comparatively  short 
cut-off.  As  the  pressure  is  reduced,  and  the  cut-off  is  lengthened, 
the  percentage  of  steam  accounted  for  increases,  and  for  two  tests 
under  a  pressure  of  120  lb.  the  actual  presence  of  superheated 
steam  is  shown.  This  applies  to  tests  for  which  the  cut-off  was 
not  less  than  half  stroke. 

For  these  tests,  also,  the  percentage  of  steam  accounted  for 
by  the  indicator  was  greater  than  that  accounted  for  by  the  tank, 
which  is  conclusive  evidence  that  the  exhaust  was  superheated. 
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A  comparison  of  the  percentages  of  the  total  mixture,  which 
are  shown  by  the  indicator  at  release  with  similar  values  taken 
from  the  performance  of  the  saturated-steam  locomotive  Sche- 
nectady No.  2,  is  presented  in  Table  1. 


TABLE  1 

Percentage  of  Mixture  Shown  as  Steam  at  Release  by  Ini)icator- 
CARDS  (Speed,  30  Miles  per  Hour) 


Percentage  of  Mixture  Shown  As  Steam  at  Release  by  Indicator-cards 

Cut-off, 
Reverse- 
lever 
Notch 

Boiler-pressure 
2401b. 

Boiler-pressure 
200  1b. 

Boiler-pressure.          Boiler-pressure 
160  1b.                             120  1b. 

from 

Center 

Forvv  ard 

Super- 
heate 

Sat-           Super- 
u  rated        heated 

Sat-          Super- 
u  rated        heated 

1 

Sat- 
urated 

1 
Super-          Sat- 
heated         u rated 

1 

II 

III 

IV 

v 

72.9 
77.5 
75.5 

VI 

VII 

VIII 

89^8 

89 '.7 
93.5 
106.0 

IX 

2 
4 
6 

8 
12 
14 

82.8 
82.2 

75.0 
76.7 

85.2 
86.2 
89.7 

a5.7 
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77.0 
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n.'o 

74.6 
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27.  Goal  Consumption. — The  coal  consumption  per  indicated 
horse-power  hour  is,  under  favorable  conditions,  approximately 
3  lb.,  the  minimum  value  of  record  being  2.8  lb.  In  2  tests  only, 
of  the  38  tests  of  record,  does  it  reach  a  maximum  of  4  lb.  The 
coal  consumption  per  draw-bar  horse- power  hour  appears  graphic- 
ally in  Fig.  31  to  34.  These  values  are  based  upon  direct  obser- 
vations. They  include  no  accounting  for  differences  in  the  quality 
of  fuel;  these  and  irregularities  arising  from  other  sources  are 
dealt  with  in  paragraph  28. 

28.  Comparing  the  Performance  of  the  Locomotive,  Assuming 
Incidental  Irregularities  in  the  Tests  To  Have  Been  Eliminated. — It  is 
apparent  that  any  series  of  values  based  directly  upon  experi- 
mental observations  will  present  irregularities.  In  the  course  of 
the  preceding  discussion,  it  was  sought  to  eliminate  the  effect  of 
certain  of  these  irregularities,  and  to  define  the  performance  of 
the  boiler,  of  the  superheater,  and  of  the  cylinders  of  the  loco- 
motive experimented  upon,  in  terms  which  have  resulted  from  a 
careful  summarization  of  all  the  data  available.  Making  use  of  the 
statements  of  performance  thus  secured,  it  is  possible  to  compile 
Table  2,  which  is  a  table  of  engine  performance  based  upon  the 
experimental  data  but  freed  from  its  inconsistencies. 

Obviously,  the  exhibit  of  such  a  table  will  have  the  highest 
value  for  purposes  of  comparison.  Thus,  the  equation  defining 
the  performance  of  the  boiler  and  superheater  combined  is 
E—  11.706  —  0.214  H,  and  that  defining  the  performance  of  the 
superheater  is  r  =  123 -0.265  P  +  7.28^,  and  the  performance 
of  the  engine  is  defined  by  the  curve  AB,  Fig.  30. 

Column  1. — Test  number. 

Column.  2. — Laboratory  symbol. — The  first  term  of  this  symbol 
represents  the  speed  in  miles  per  hr.,  the  second  term  represents 
the  position  of  the  reverse  lever  upon  its  quadrant,  expressed  in 
notches  from  the  center  forward,  and  the  third  represents  the 
steam  pressure. 

Column  3. — Equivalent  steam  to  engine  joer  hr.,  feed-water  at  a 
temperature  of  60°  F.  —  steam  supplied  the  engine  per  hour  X 
(B.  t.  u.  taken  up  by  each  pound  of  water  in  the  boiler  and  super- 
heater +  temperature  of  feed- water,  in  degrees  F.  —  60)  h- 965.8. 

Column  Jf.. — Equivalent  evaporation  per  lb.  of  dry  coal,  assum- 
ing the  evaporative  efficiency  of  the  boiler  to  have  been  represented  by 
the  equation  E  =  11.706  -  0.214  H,  where  E  is  the  equivalent  evap- 
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oration  per  lb.  of  coal  and  H  is  the  rate  of  evaporation  per  ft.  of 
water  and  superheating  surface  per  hr.  For  values  in  question, 
H  =  columns  8  -^  1216. 

Golumn  J.  —  Drii  coal  fired  i)er  hr.,  assuming  the  evaporative  effi- 
ciencij  to  be  that  shown  by  the  equation  =  column  3  h-  column  4. 

Colioini  '). — Dnj  coal  per  indicated  horse-power  hour  =  column  5 
-^  indicated  horse- power. 

Golumn  7. — Equivalent  steam  per  indicated  horse-poiver  hour  — 
column  3  -^  indicated  horse- power. 

Column  <S'. — Madiine  friction  in  terms  of  mean  effective  pres- 
sure.— The  purpose  of  this  column  is  to  eliminate  irregularities 
in  action  due  to  variations  in  lubrication,  etc.  The  values  given 
are  those  determined  by  the  previous  experimental  work  upon 
Schenectady  No.  2^. 

Golumn  9. — Machine  friction  horse-power  is  the  power  equiva- 
lent, assuming  the  friction  M.  E.  P.  to  have  been  that  shown  by 
column  8. 

Golumn  10. — Machine  friction,  per  cent  of  indicated  horse- 
power =  100  X  column  9  -^  indicated  horse  power. 

Golumn  11. — Dynamometer  horse-power  —  indicated  horse- 
power —  column  9. 

Golumn  12.— Draw-bar  pull  =  33,000  X  column  11  h-  (18.063  X 
r.  p.  m.,) 

Golumn  13. — Goal  per  dynamometer  horse-power  hour  =  Column 
5  -^  column  11. 

Golumn  IJf. — Equivalent  steam  jjer  dynamometer  horse-power  per 
hr.  =  column  3  ^  column  11. 


1  "High  Steam- Pressures  in  Locomotive  iSeryic*",  Publication  No.  66,  Carnesjie  Institution 
of  Washington.    Abstracted  in  Bulletin  No.  26,  Engineering  Experiment  Station. 
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It  is  now  possible  to  determine  the  coal  consumption  per  in- 
dicated horse- power  per  hour  by  assuming  the  efficiency  of  the  lo- 
comotive to  be  that  defined  in  the  above  relationship.  The  derived 
results  are  given  as  Table  3,  which  follows. 

TABLE  3 
Locomotive  Performance  under  Different  Pressures. 


Boiler- 
pressure 

Pounds  of  Su- 
perheated Steam 

per  i.  h.  p. 
per  hr.;  Values 

from  Curve 

B.  t.  u.  per  lb. 

of  Steam; 

Feed  60°  and 

Superheat  from 

Equation 

Equivalent 
Pounds  of 

Steam 

per  i.  h.  p. 

hr. 

Equivalent 

Pounds  of 

Water  per 

Pound  of  Dry 

Coal 

Pounds  of 

Coal 

per  i.  h.  p. 

hr. 

1 

2 

3 

4 

5 

6 

lb 

240 
220 
200 
180 
160 
140 
120 

22.6 
21.8 
21.6 
21.9 
22.3 
22.9 
23.8 

1258.7 
1261.8 
1263.1 
1261.7 
1259.3 
1256.4 
1252.7 

29.45 
28.48 
28.25 
28.61 
29.  (j7 
29.79 
30.87 

9.428 
9.501 
9.518 
9.491 
9.455 
9  399 
9.316 

3.12 
3.00 
2.97 
3.01 
3.08 
3.17 
3.31 

Column  1  in  Table  3  gives  the  boiler-pressure. 

Column  2  gives  the  steam  consumption  per  indicated  horse-povyer  per  hour  for  the  several  pres- 
sures, as  defined  by  the  curve  A  B,  Fig . 

Column  3  gives  the  number  of  thermal  units  in  the  pounds  of  steam  at  the  several  pressures, 
assuming  the  feed  water  temperature  at  60°  F.  and  the  degrees  superheat  that  repre- 
sented by  the  equation  T=  123  —  0.265  P  +  7.28  H. 

Column  4  gives  the  number  of  pounds  of  vrater  from  and  at  212°  F.  per  indicated  horsepower 
hour.     It  equals  column  2  times  column  3-^965.8. 

Column  5  gives  the  pounds  of  water  evaporated  from  and  at  212°  F.  per  pound  of  coal  and  is  cal- 
culated as  follows:  Assuming  that  a  fair  average  load  for  the  locomotive  tested  is  440 
horse-power  and  that  this  unit  of  power  is  developed  under  all  pressures,  the  corre- 
sponding rate  of  evaporation  may  be  found  by  multiplying  this  value  by  those  of  column 
4  and  dividing  by  the  area  of  water-heating  surface  plus  superheating  surface;  that  is, 
rate  of  evaporation  =  440  X  column  4  ^  1216.  The  equivalent  pounds  of  water  per  pound 
of  coal  is  found  by  substitutinir  the  rate  of  evaporation  found  for  H  in  the  equation 
E=  11.706  —  0.214  H. 

Column  6  gives  the  pounds  of  coal  per  indicated  horse-power  hour  and  equals  column  4 -f- col- 
umn 5. 

From  the  values  given  in  the  table  it  will  be  seen  that  the 
coal  consumption  per  indicated  horse- power  hour  varies  from 
2.97  to  3.31.  The  minimum  value  2.97  is  found  at  200  lb.  boiler- 
pressure. 


VI.     Economy  Resulting  from  the  Use  of  Superheated 

Steam 

29.  Comparisons  Involving  Boiler  and  Superheater. — The  whole 
discussion,  as  presented  in  the  preceding  chapters,  has  been  de- 
veloped with  a  view  to  establishing  in  concise  terms  the  perform- 
ance of  the  locomotive  experimented  upon,  while  operating  under 
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superheated  steam.  The  method  of  expressing  results  and  the 
units  of  measurement  employed  have  been  so  chosen  that  a  com- 
parison may  readily  be  made  with  those  which  have  previously 
been  derived  for  the  same  locomotive  when,  as  Schenectady  No.  2, 
it  was  operated  with  saturated  steam.  The  changes  in  the  extent 
of  heat- transmitting  surface  resulting  from  the  application  of  the 
superheater  are  described  in  detail  in  paragraph  12.  Data  con- 
cerning the  performance  under  saturated  steam,  which  are  made 
a  basis  for  comparison,  are  drawn  from  a  previous  report^. 
Youghiogheny  coal  or  its  reduced  equivalent  has  been  used  in  all 
cases. 

30.  Boiler  Performance. — The  boiler  of  Schenectady  No.  2,  de- 
signed for  delivering  saturated  steam,  gave  an  efl&ciency  ex- 
pressed by  the  equation 

E=  11.305  -  0.221  H 
while  the  boiler  as  equipped  with  a  Cole  superheater,  Schenectady 
No.  3,  gave  an  efficiency  expressed  by  the  equation 

E=  11.706  -0.214  H 

Obviously,  on  the  basis  of  these  equations,  the  superheating 
boiler  has  the  advantage.  The  comparison  is,  however,  not  a 
fair  one,  since  in  both  cases  the  equations  are  based  on  the  ex- 
tent of  heat-transmitting  surface,  and  in  Schenectady  No.  5  such 
surface  was  sacrificed  in  making  room  for  the  superheater.  To 
make  the  comparison  fair,  the  term  in  the  equation  representing 
equivalent  pounds  of  water  per  square  foot  of  heating  surface 
must  be  expressed  in  terms  of  total  power  delivered  by  the 
boiler.  Comparisons  on  this  basis,  showing  the  performance 
of  the  boiler  in  one  case,  and  of  the  boiler  and  superheater  in  the 
other  case,  expressed  in  terms  of  the  equivalent  evaporation,  are 
shown  diagrammatically  by  Fig.  35. 

It  will  be  seen  that  even  upon  this  basis  the  efficiency  of  the 
combined  boiler  and  superheater  is  superior  to  that  of  the  boiler 
alone,  the  increase  averaging  between  3  and  4  per  cent.  The 
reason  for  this  is  not  entirely  apparent.  An  examination  of  related 
data  suggests  that  the  lines  of  Fig.  35  should  not  be  far  apart. 
Draft  values  plotted  in  terms  of  the  rate  of  evaporation  are  lower 
for  the  superheating  locomotive  than  for  the  locomotive  using 
saturated  steam,  but  when  these  are  reduced  to  equivalent  values 
representing  an  equal  amount  of  power,  they  are  identical  for 
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both  locomotives — a  condition  which  implies  equality  in  the  fuel 
lost  in  the  form  of  cinder  and  spark.  Similar  comparisons  in- 
volving smoke-box  temperature  lead  to  identical  conclusions. 
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Fig.  35.    Boiler  Efficiency 

Upon  the  basis  of  these  statements,  the  relation  defined  by 
Fig.  35  is  not  confirmed  by  collateral  evidence.  This  statement, 
however,  does  not  discredit  the  record,  which  is  in  fact  one  of  no 
small  significance.  The  line  of  performance  for  the  superheating 
locomotive  (Fig.  35)  depends  upon  results  of  38  tests  and  that  for 
the  saturated- steam  locomotive  upon  results  of  40  tests.  It  is 
therefore  difficult  to  see  how  either  could  have  been  affected  to 
the  extent  indicated  by  any  incidental  cause  or  causes.  What- 
ever the  conclusion  may  be  with  reference  to  this  matter,  it  is 
clear  that  the  combined  boiler  and  suTperheater  ot  Scheiiectady  A^o.  3 
are  not  less  efficient  than  the  boiler  of  Schenectady  No.  2,  while  be- 
ing worked  at  the  same  rates  of  power,  and  the  face  value  of  the 
data  shows  its  efficiency  to  be  higher  by  4  per  cent. 

31.  Comparisons  Involving  the  Performance  of  the  Engine. — The 
steam  consumption  per  indicated  horse-power  hour  for  the  super- 
heating locomotive,  as  determined  by  the  results  of  38  tests,  has 
been  defined  as  the  line  A  B,  Fig.  30.  A  similar  line  based  upon 
the  results  of  100  tests  of  the  saturated-steam  locomotive  estab- 
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lishes  the  cylinder  performance  of  that  machine.  Replottin^  the 
results  upon  a  single  sheet  gives  the  diagram  Fig.  36.  This  exhibit 
(or  better,  perhaps,  the  numerical  values  given  by  columns  2  and 
4,  Table  4)  shows  well  the  saving  in  water  realized  by  substitut- 
ing steam  superheated  approximately  150°  P.  for  steam  which  is 
saturated.     The  saving  ranges  from  18  per  cent  when  the  boiler- 
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Fig.  36.    Steam  per  Indicated  Horse-powek  Hour 


pressure  is  120  lb.  to  9  per  cent  when  the  boiler  pressure  is  240 
lb.  It  appears,  also,  from  the  diagram  that  with  superheating, 
the  least  consumption  of  water,  21.6  lb.  per  horse- power  hour,  is 
secured  when  the  boiler-pressure  is  approximately  200  lb.,  and 
that  variations  in  the  consumption  resulting  from  changes  in 
pressure  are  slight  (column  4,  Table  4).  For  example,  the  water 
consumption  for  all  pressures  between  160  and  220  lb.  ranges  be- 
tween 21.6  lb.,  the  minimum  value  obtained,  and  22.3  lb.,  a  range 
of  approximately  4  per  cent. 

The  saving  of  water  in  locomotive  service  is  always  a  matter 
of  moment;  it  diminishes  the  exactions  of  certain  conditions  in 
operation;  and  in  some  districts,  where  water  is  bad  or  hard  to 
obtain,  it  tends  to  simplify  difficult  problems  either  in  locomotive 
maintenance  or  in  the  maintenance  of  the  water-supply.  The 
fact,  therefore,  that  superheating  affords  a  material  saving  in  the 
amount  of  water  required,  is  not  to  be  overlooked  in  estimating 
the  value  of  superheating  as  a  practice.  But  the  saving  in  heat 
is  not  proportional  to  the  saving  in  water,  for  each  pound  of  super- 
heated steam  must  have  more  heat  imparted  to  it  than  a  pound  of 
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saturated  steam  at  the  same  pressure.  As  an  indication  of  the 
thermal  advantage  to  be  derived  from  the  use  of  superheated 
steam  in  comparison  with  that  of  saturated  steam,  it  is  desirable 
to  reduce  the  steam  in  each  case  to  the  same  thermal  basis.  This 
has  been  shown  graphically  by  Fig.  37  and  numerically  by  columns 
3  and  5,  Table  4. 

TABLE  4 
Steam  per  Indicated  Horse-Power  Hour 


Saturated  Steam 

Superheated  Steam 

Boiler- 
pressure 
lb. 

Pounds  of 
Steam 

per  i.  h.  p. 
per  hr. 

B.  t.  u. 

peri.  h.  p. 

per  min. 

Pounds  of 

Steam 

per  1.  h.  p. 

per  hr. 

B.   t.  u. 

per  i.  h.  p. 

per  min. 

1 

2 

3 

4 

5 

240 
220 
200 
180 
160 
140 
•     120 

24.7 
25.1 
35.5 
2C,0 
26.6 
27.7 
29.1 

483 
491 
498 
507 
517 
537 
563 

22.6 
21.8 
21.6 
21.9 
22.3 
22.9 
23.8 

474 
459 
455 
461 
468 
481 
497 

Upon  this  basis  the  saving  effected  by  the  use  of  superheated 
steam  is  12  per  cent  when  the  pressure  is  120  lb.,  and  2  per  cent 
when  the  pressure  is  240  lb.  Under  a  boiler- pressure  of  180  lb. 
the  substitution  of  superheated  steam  improves  the  efficiency  of 
the  engine  9.1  per  cent. 
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32.  Gomparisons  Involving  the  Performance  of  the  Locomotive 
As  a  Whole. — The  performance  of  the  locomotive  as  a  whole,  as 
expressed  in  terms  of  coal  consumed  per  indicated  horse-power 
hour,  both  for  saturated  steam  and  superheated  steam,  and  the 
saving  effected  by  the  substitution  of  superheated  for  saturated 
steam,  is  given  as  Table  5.  These  results,  since  they  combine 
the  performance  of  both  engine  and  boiler,  represent  a  definition 
of  the  improvement  in  the  performance  of  the  locomotive  experi- 
mented upon  as  the  result  of  the  substitution  of  superheated  for 
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TABLE  5 
Saving  in  Coal  Effected  by  the  Use  of  Superheated  Steam 


Pounds  of  C«al 
per  i.  h.  p.  per  hr. 

Saving  Effected  by  the  Use  of  Superheated  Steam 

Over  Values  Obtained 

Over  Values  Obtained 

Boiler- 

with  Saturated  Steam  at 
Same  Pressure 

with  Saturated  Steam  at 

Ib. 

Saturated 

Superheated 

Pounds  per 

Pounds  per 

Steam 

steam 

i.  h.  p. 
per  hr. 

Per  cent 

i-  h.  p. 
per  hr. 

Per  cent 

1 

2 

3 

4 

5 

6 

7 

240 

3.31 

3.12 

0.19 

5.72 

0.38 

10.86 

220 

3.37 

3.00 

.37 

10.98 

.50 

14.29 

200 

3.43 

2.97 

.46 

13.31 

.53 

15.15 

180 

3.50 

3.01 

.49 

14.00 

.49 

14.01 

160 

3.59 

3.08 

.h\ 

14.21 

.42 

12.00 

140 

3.77 

3.17 

.60 

15.98 

.37 

10.57 

120 

4.00 

3.31 

.69 

17.25 

.19 

5.43 
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saturated  steam.  They  show  that  the  gain  is  most  pronounced  at 
the  lower  pressure;  thus,  at  a  pressure  of  120  lb.  it  is  17  percent, 
while  at  a  pressure  of  240  lb.  it  is  but  6  per  cent.  They  show  also 
that  the  performance  of  the  locomotive  using  superheated  steam 
is  only  slightly  affected  by  changes  of  pressure;  for  the  entire 
range  of  pressure  from  120  lb.  to  240  lb. ,  the  difference  in  coal 
consumption  from  minimum  to  maximum  is  but  a  third  of  one 
pound,  while  for  pressures  between  175  lb.  and  225  lb.,  it  is 
practically  constant  and  always  near  the  minimum  value.  The 
least  coal  consumption  per  indicated  horse- power  hour,  as  it 
appears  in  the  summarized  statement,  is  2.97  lb.,  and  was  obtained 
under  a  steam-pressure  of  200  lb. 

The  results  sustain  a  claim  which  has  been  put  forward  by 
advocates  of  the  practice  of  superheating,  to  the  effect  that  the 
adoption  of  such  practice  permitted  the  steam- pressure  to  be 
materially  reduced  over  that  now  employed  in  locomotives  using 
saturated  steam  without  material  sacrifice  in  efficiency.  A  detailed 
numerical  statement  showing  the  saving  in  coal  resulting  from  a 
change  from  saturated  to  superheated  steam  is  set  forth  by  col- 
umns 4  to  7,  Table  5.  Columns  4  and  5  present  results  obtained 
by  comparisons  based  on  equal  pressures,  and  columns  6  and  7 
those  obtained  by  comparing  values  obtained  with  superheating 
under  the  several  different  pressures  employed  with  those  ob- 
tained from  saturated  steam  at  a  pressure  of  180  lb. 

33.  Comparisons  Involving  the  Capacity  of  the  Locomotive. — The 
maximum  power  presented  by  the  data  derived  from  the  locomotive 
using  superheated  steam  is  not  to  be  accepted  as  a  measure  of  its 
capacity.  Except  in  the  case  of  the  series  of  tests  run  at  160  lb. 
pressure,  the  number  of  tests  was  insufficient  to  permit  the  estab- 
lishment at  each  speed  of  a  maximum  cut-off  for  which  the  boiler 
could  be  made  to  supply  steam.  But  while  direct  evidence  is 
lacking,  the  data  contain  much  which  goes  to  show  that  the  super- 
heating locomotive  is  a  more  powerful  machine  than  the  locomotive 
using  saturated  steam.  For  example,  it  has  been  shown  that  for 
the  development  of  equal  amounts  of  power,  the  combined  boiler 
and  superheater  of  the  superheating  locomotive  have  an  efficiency 
which  equals  or  exceeds  that  of  the  saturated- steam  boiler;  hence 
the  boiler-power  which  it  may  be  made  to  deliver  as  a  maximum 
equals  or  exceeds  that  which  the  boiler  of  the  saturated  steam 
locomotive  can  be  made  to  deliver.  But  each  unit  of  power 
delivered  from  the  boiler  in  the  form  of  superheated  steam  is  more 
effective   in  doing  work  in  the  cylinders  than  a  similar  unit  of 
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power  delivered  in  the  form  of  saturated  steam;  hence,  at  the 
limit,  the  superheating  locomotive  is  more  powerful  than  the  one 
using  saturated  steam,  and  the  difference  is  that  which  measures 
the  difference  in  the  economy  with  which  the  cylinders  use  steam. 
The  same  question  may  be  dealt  with  through  another  series 
of  facts,  as  follows:  It  can  be  shown  that  the  power  of  any  loco- 
motive is  limited  by  its  capacity  to  burn  coal,  and  coal-burning 
capacity  is  a  function  of  the  draft.  The  data  show  that  for  the 
development  of  a  given  cylinder  power,  the  draft  values  of 
Schenectady  No.  3  (superheating)  were  in  all  cases  less  than  those 
of  Schenectadi/  Xo.  ~  (saturated).     The  extent  of  these  differences 
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is  well  shown  by  Fig.  39  to  42.  They  are  of  small  value  for  tests 
under  high  pressure,  but  as  a  rule  they  increase  as  the  pressure 
is  reduced.  Tests  at  160  lb.  (Fig.  41)  show  that  the  power  devel- 
oped in  return  for  a  given  draft  is  from  10  per  cent  to  16  percent 
greater  for  the  superheating  locomotive  than  for  the  saturated- 
steam  locomotive.  Obviously,  there  is  no  reason  why  the  draft 
for  the  former  should  not  be  increased  to  limits  practicable  with 
the  latter,  and  when  this  is  done  the  power  developed  by  the 
superheating  locomotive  will  exceed  that  which  is  possible  with 
the  saturated- steam  locomotive. 
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34.  The  Possible  PJconomi/  Whic/i  May  /lesult  from  the  Use  of 
iSuperheated  Steam  in  Locomotive  Service.^ — In  the  preceding  para- 
graphs an  attempt  has  been  made  to  define  with  accuracy  the 
increased  efficiency  resulting  from  the  substitution  in  locomotive 
service  of  steam  superheated  to  approximately  150"  for  steam 
which  is  saturated.  The  facts  upon  which  comparisons  have 
been  based  have  been  derived  by  careful  processes,  and  the  results 
can  safely  be  accepted  as  the  measure  which  has  been  sought. 
All  discussion  might  well  end  with  the  presentation  of  the  facts 
referred  to,  were  it  not  that  out  of  them  arises  a  group  of  questions 
of  great  practical  significance.  To  some  of  these  attention  must 
be  giv^n. 

As  a  general  proposition,  the  gain  which  in  any  service  will 
result  from  the  introduction  of  a  superheater  is  a  function  of  the 
degree  of  superheat  employed,  and  this  in  turn  is  limited  by  the 
ability  of  the  materials  composing  the  superheater  and  the  exposed 
parts  of  the  engine  to  withstand  the  temperatures  which  are 
involved.  The  Prussian  State  Railway  prescribes  a  boiler- 
pressure  of  180  lb.  and  a  temperature  of  steam  of  300°  C,  which 
temperature  may  rise  above  300°,  but  must  never  be  allowed  to 
exceed  350° .  That  is,  a  degree  of  superheating  of  190°  P.  is 
regarded  as  satisfactory,  while  the  maximum  limit  never  to  be 
exceeded  is  fixed  at  280°  F.  Under  normal  running  conditions, 
the  degree  of  superheating  is  considerably  above  200    P. 

Comparing  the  superheating  effects  described  by  these  state- 
ments with  the  degree  of  superheat  obtained  from  the  Purdue 
locomotive  when  working  under  a  pressure  of  180  lb.  (Pig.  13),  it 
appears  that  those  of  the  latter  may  be  increased  by  at  least  33 
per  cent  of  their  present  value  without  exceeding  the  limit  which 
has  been  proved  practicable  in  the  everyday  practice  of  German 
railroads.  The  means  to  be  employed  in  securing  such  a  degree 
of  superheat  are,  of  course,  matters  of  detail  which  concern  the 
design  and  proportions  of  the  superheater.  The  savings  in  water 
and  fuel  resulting  from  the  presence  of  the  superheater,  as  set 
forth  by  data  already  presented,  would  have  been  greater  had  the 
degree  of  superheat  been  higher.  In  the  absence  of  data  derived 
from  experiments,  it  may  be  assumed  that  the  possible  increase 
in  the  savings  will  be  proportional  to  the  increase  in  the  degree 
of  superheat. 


'Information  re.sultinti-  from  later  experiments,  tendini?  to  confirm  the  statements  of  this 
section,  is  presented  in  the  Appendix. 
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On  the  basis,  therefore,  of  the  experimental  results  already- 
presented  and  of  these  statements,  the  possible  gain  in  water  and 
fuel  which  may  result  from  the  adoption  of  the  superheater  is 
seen  by  Fig.  43  and  44,  respectively.  In  these  figures,  the  upper 
line  A  is  that  of  saturated  steam  as  derived  from  tests  of  locomo- 
tive Schenectady  No.  2;  the  next  below,  B,  is  that  of  superheated 
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steam  as  derived  from  tests  of  locomotive  Schenectady  No.  3,  and 
the  dotted  line  C  is  that  which  is  assumed  to  represent  the  per- 
formance which  Schenectady  No.  3  would  have  given  had  the  degree 
of  superheating  been  33  per  cent  greater  than  that  actually  ob- 
tained. These  are  not  maximum  savings,  but  are  such  as  are  to 
be  expected  under  normal  conditions  of  continuous  full- power 
operation.  From  this  exhibit,  it  appears  that  for  boiler-pressure 
of  180  lb.,  the  substitution  of  superheated  steam  for  saturated 
steam  may  result  in  a  reduction  of  water  consumption  from  26  lb. 
to  20.5  lb.  a  saving  of  21  per  cent,  and  in  a  reduction  of  coal 
consumption  per  draw-bar  horse-power  of  from  4  lb.  to  3.25  lb.,  a 
saving  of  19  per  cent.  These  values  may  be  accepted  as  repre- 
senting what  should  reasonably  be  expected  of  superheating  in 
American  locomotive  service,  so  far  as  the  experiments  herein 
described  define  them. 

It  will  be  a  mistake,  however,  for  anyone  to  assume  that  a 
railway  company's  bills  for  locomotive  fuel  may  be  diminished  by 
the  percentages  set  forth  in  the  preceding  paragraph  merely  by 
the  introduction  of  the  superheater.  It  should  be  clear,  for  ex- 
ample, that  no  part  of  the  fuel  used  in  raising  the  steam  of  a 
locomotive  or  of  its  w^astes  which  occur  between  the  round-house 
and  the  starting  of  the  locomotive  at  the  head  of  its  train  can  be 
saved  by  the  application  of  a  superheater  to  a  locomotive.  As- 
suming that  the  fuel  thus  used  is  15  per  cent  of  the  total  for  the 
run,  a  conservative  estimate,  the  amount  w^hich  remains  subject 
to  the  influence  of  the  superheat  is  85  per  cent  of  19  per  cent,  or 
16  per  cent. 

Again,  the  fuel  used  in  maintaining  a  normal  temperature  of 
all  parts  of  the  machine  when  the  locomotive  is  at  rest  at  stations 
and  at  passing- points  is  fuel  over  which  the  superheater  can  exert 
no  influence.  The  amount  of  fuel  thus  used  is  a  function  of  the 
schedule  of  the  train.  The  results  set  forth  in  Chap.  IV  show  that 
in  some  classes  of  service  upon  American  railways  it  will  be  so 
small  as  to  be  negligible,  but  in  other  classes  of  service  it  will 
constitute  a  considerable  percentage  of  the  total  coal  used.  A  re- 
view of  Chap.  IV  will  suggest  the  difficulty  which  confronts  one  in 
an  attempt  to  fix  numerical  values  covering  fuel  thus  to  be  ac- 
counted for.  Again,  fuel  used  in  generating  steam  wliich  is  dis- 
charged through  safety-valves  can  not  in  any  way  be  affected  by 
the  presence  of  a  superheater.  In  none  of  the  experimental  work, 
the  results  of  which  are  recorded  in  the  preceding  chapters,  has 
there  been  any  loss  by  safety-valves.     This  loss  in  practice  is 
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necessarily  indefinite.  In  some  classes  of  service  it  is  so  small 
as  to  be  negligible,  and  in  others  it  involves  a  considerable  per- 
centage of  the  total  coal  used.  Finally,  attention  should  be  called 
to  the  fact  that  the  question  at  issue  involves  the  whole 
problem  of  maintenance.  Steam  leaking  past  valves  and  pistons 
or  coming  out  by  leaky  glands  or  through  leaky  cylinder- cocks 
or  steam-joints  wherever  located  causes  losses  which  remain  un- 
diminished in  the  presence  of  the  superheater. 

Summarizing  the  preceding  statements,  and  making  such  de- 
ductions from  the  known  performance  of  the  superheater  as  will 
suffice  to  remove  from  the  calculations  all  expenditures  of  heat 
normal  to  the  American  locomotive,  w^hich  are  beyond  the  influ- 
ence of  the  superheater,  the  actual  net  reduction  in  the  amount  of 
fuel  needed  for  locomotive  use,  by  a  railroad  having  all  its  loco- 
motives equipped  with  satisfactory  superheaters,  over  that  which 
would  be  required  if  all  employed  saturated  steam,  will  not  be  far 
from  10  per  cent.  This  value  is  not  to  be  accepted  as  of  strictly 
scientific  import,  but  merely  as  an  estimate  based  upon  such  facts 
as  have  appeared  in  the  course  of  a  rather  careful  study  of  the 
problem. 


APPENDIX 


GOSS — SUPERHEATED   STEAM   IN    LOCOMOTIVE   SERVICE        59 


APPENDIX 

A  Comparison  of  Results  Obtained  With  Saturated 

Steam  and  With  Pour  Different  Degrees  of 

Superheated  Steam^ 

35.  The  ^ests  reported  in  the  preceding  pages  were  com- 
pleted in  the  summer  of  1907.  Since  that  date,  the  Purdue  Lab- 
oratory has  been  engaged  in  investigations,  involving  the  use  of 
different  superheaters,  the  results  of  which  are  to  be  accepted  as 
the  latest  information  available  concerning  the  value  of  super- 
heated steam  in  locomotive  service.  A  brief  abstract  of  a  paper 
presented  jointly  by  Dean  Benjamin  and  Professor  Endsley  fol- 
lows. 

36.  Superheaters. — Tests  have  been  run  with  locomotive 
Schenectady  No.  3  equipped  with  four  different  superheaters,  which 
have  been  designated  as  follows: 

Cole  A— 193  sq.  ft.  of  heating  surface  in  the  superheater 
Cole  B — 151  sq.  ft.  of  heating  surface  in  the  superheater 
Cole  C — 109  sq.  ft.  of  heating  surface  in  the  superheater 
Schmidt — 324  sq.  ft  of  heating  surface  in  the  superheater 
Cole  A  was  the  superheater  used  during  the  tests  reported  in 
the  preceding  pages. 

The  boiler  dimensions  were  the  same  for  all  the  Cole  super- 
heater tests,  but  in  order  to  install  a  Schmidt  superheater,  with  a 
larger  amount  of  superheating  surface,  the  number  of  small  2-in. 
flues  was  reduced  from  111  to  107,  and  the  large  5-in-flues  were  in- 
creased in  number  from  16  to  21.  This  change  in  the  number  of 
flues  increased  the  water-heating  surface  from  897  sq.  ft.  to  956.5 
sq.  ft.  With  the  above  exceptions,  the  boiler  and  engine  were  the 
same  for  all  the  testing  upon  the  four  different  superheaters. 

37.  Basis  of  Comparison. —  It  seems  logical  to  compare  the  re- 
sults obtained  with  the  four  different  degrees  of  superheated  steam 
and  with  saturated  steam,  since  all  the  series  of  the  tests  so  far 
run  have  been  under  the  same  steam  pressures  and  cut-offs,  de- 
veloping approximately  the  same  horse-power,  the  only  difference 
being  the  area  of  the  superheating  surface  and  the  area  of  the 
water- heating  surface.      As  the  area  of  the  water- heating  surface 


1  An  abstract  of  a  paper  presented  before  the  American  Master  Mechanics'  Association  at 
Atlantic  City  in  June  1911  by  Dean  C.  H.  Benjamin  and  Professor  L.  E.  Endsley,  of  Purdue 
University. 
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of  the  boiler  with  the  Schmidt  superheater  is  approximatelj^  only 
47  sq.  ft.  greater  than  with  the  Cole  superheater,  it  would  seem 
that  this  difference  would  not  be  enough  to  affect  the  relative  ef- 
ficiency of  the  boiler.  In  the  comparisons  which  follow,  there- 
fore, no  allowance  is  made  for  differences  resulting  from  different 
water-heating  surfaces. 
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38.  Superheating. —ThQ  degree  of  superheating  as  affected  by 
the  rate  of  evaporation,  at  the  different  boiler  pressures,  is  shown 
for  the  Schmidt  superheater  by  Pig.  45.  The  same  thing,  for  the 
Cole  A  superheater,  has  been  shown  in  Fig.  9  to  12.  The  de- 
grees of  superheating  plotted  against  the  corresponding  boiler 
pressures,  at  a  rate  of  evaporation  of  8.5  lb.  per  sq.  ft.  of  heat- 
ing surface  per  hour,  is  shown,  for  all  four  superheaters  in  Fig  46. 

39.  Comparison  of  Engine  Performance. — The  steam  consump- 
tion of  the  locomotive  operated  under  saturated  steam  and  the 
four  different  degrees  of  superheated  steam  represented  by  Cole 
A,  Cole  B,  Cole  C  and  Schmidt  are  shown  graphically  in  Fig.  47. 
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The  numerical  values  are  given  in  Table  6.  Prom  an  inspection 
of  these  curves,  it  is  seen  that  the  tests  with  the  Schmidt  super- 
heater, i.  e.,  the  one  giving  the  highest  degree  of  superheat,  gave 
the  lowest  water  consumption. 

The  curves  showing  the  relation  between  the  B.  t.  u,  per 
i.  h.  p.  per  minute  for  the  different  conditions  of  tests  are  given  in 
Fig.  48. 

TABLE  6 
Steam  per  Indicated  Horse-power  per  Hour 


Boiler  Pressure 

Superheat 

Pounds  Steam 

B.  t.  u. 

Superheater 

lb.  by  gauge 

0    p_ 

per  i.  h.  p. 

per  i.  h.  p. 

per  hr. 

per  min. 

I 

II 

III 

IV 

V 

Schmidt  A 

240 

222.2 

19.5 

421.4 

Schmidt  A 

220 

226.5 

19.0 

410.7 

Schmidt  A 

200 

230.8 

18.9 

408.3 

Schmidt  A 

180 

235.1 

18.7 

404.0 

Schmidt  A 

160 

239.4 

18.9 

408.0 

Schmidt  A 

140 

243.8 

19.5 

419.8 

Schmidt  A 

120 

248.6 

21.0 

452.3 

Cole  A 

240 

139.7 

22.6 

474 

Cole  A 

220 

145.0 

21.8 

459 

Cole  A 

200 

150.3 

21.6 

455 

Cole  A 

180 

155.6 

21.9 

461 

Cole  A 

160 

160.8 

22.3 

468 

Cole  A 

140 

166.1 

22.9 

481 

Cole  A 

120 

171.4 

23.8 

497 

Cole  B 

240 

120.6 

22.6 

469 

Cole  B 

220 

116.8 

22.1 

460 

Cole  B 

200 

133.0 

21.8 

454 

Cole  B 

180 

139.  S 

22.1 

460 

Cole  B 

160 

145.4 

22.5 

469 

Cole  B 

140 

151.5 

23.0 

479 

Cole  B 

120 

157.7 

83.8 

496 

Cole  C 

240 

109.9 

22.7 

469 

Cole  C 

220 

114.6 

22  is 

465 

Cole  C 

200 

119.4 

22.6 

467 

Cole  C 

180 

124.2 

22.8 

472 

Cole  C 

160 

128.9 

23.5 

486 

Cole  C 

140 

133.7 

24.0 

496 

Cole  C 

120 

138.4 

24.8 

512 

None 

240       . 

0 

24.7 

483 

None 
NoA 

220 

0 

25.1 

491 

200 

0 

25.5 

498 

None 

180 

0 

26.0 

507 

None 

160 

0 

26.6 

517 

None 

140 

0 

87. 7 

537 

None 

120 

0 

29.1 
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The  relation  in  coal  consumption  per  i.  h.  p.  per  hour  for  the 
four  different  superheaters  and  for  the  saturated  steam  is  shown 
graphically  in  Fig.  49,  the  numerical  values  being  in  Table  7. 
Here  again  the  Schmidt  superheater  results  are  the  smallest,  go- 
ing as  low  as  2.5  lb.  per  indicated  horse-power  per  hour. 

TABLE  7 
Coal,  Consumption  Under  Different  Pressures  and  Superheaters 


Boiler  Pres- 

Pounds of  Coal  per  Indicated  Horse  Power  per  Hour 

sure  Pounds 
Gauge 

Saturated         Superheater       Superheater 
steam                  Cole  A                 Cole  B 

Superheater 
Cole  C 

Superheater 
Schmidt  A 

I 

II 

111 

IV 

V 

VI 

240 

3.31 

3.12 

3.24 

3.10 

2.63 

220 

3.37 

3.00 

3.16 

3.16 

2.57 

200 

3.43 

2.97 

3.11 

3.18 

2.55 

180 

3.50 

3.01 

3.16 

3.22 

2.51 

160 

3.59 

3.08 

3.24 

3.35 

2.55 

140 

3.77 

3.17 

3.33 

3.45 

2.63 

120 

4.00 

3.31 

3.48 

3.60 

2.89 

The  consumption  of  water  per  indicated  horse-power,  as  af- 
fected by  the  degree  of  superheat,  is  well  shown  in  Pig.  50,  in 
which  the  pounds  of  steam  per  indicated  horse- power  per  hour 
are  plotted  against  the  degrees  of  superheat.  The  pounds  of 
steam  per  indicated  horse- power  per  hour  were  obtained  from  the 
curves  shown  in  Fig.  47.  The  degree  of  superheat  was  obtained 
from  the  lines  shown  in  Fig.  46.  It  will  be  seen  that  the  compar- 
isons are  made  at  160,  180  and  200  lb.  steam  pressure,  these  be- 
ing the  pressures  that  fall  in  the  center  of  the  field  of  experiment, 
and  for  that  reason  would  be  more  likely  to  represent  correct  re- 
sults. 

It  would  seem  that  this  relation  could  be  approximately 
represented  by  a  straight  line  as  shown.  It  is  also  seen  that 
the  water  consumption  for  all  pressures  between  160  and  200  lb. 
for  the  Schmidt  superheater  is  practically  the  same. 

40.  Coal  Consumption. — The  pounds  of  coal  per  indicated 
horse-power  per  hour  plotted  against  degrees  of  superheat  are 
shown  in  Fig.  51.  The  pounds  of  coal  per  indicated  horse-power 
per  hour  were  obtained  from  the  curves  of  Fig.  49,  and  the  de- 
gree of  superheat  was  obtained  in  the  same  manner  as  for  Fig.  50. 
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The  same  pressures  of  160,  ISO  and  200  were  used  in  this 
comparison  as  in  the  comparison  for  steam  consumption.  This 
relation  between  the  coal  per  indicated  horse- power  per  hour  and 
the  degree  of  superheat  for  pressures  of  160,  180  and  200  would 
seem  to  indicate  that  it  could  be  represented  by  a  curve  as 
shown.  In  other  words,  the  first  80  or  100°  of  superheat  do 
not  make  the  same  proportionate  decrease  in  coal  consumption 
as  the  second  80  or  100°,  and,  in  like  manner,  the  third  80°  in- 
crease makes  a  still  greater  reduction  in  the  coal  consumption. 
For  instance,  the  coal  consumption  per  indicated  horse-power 
per  hour  at  180  lb.  steam  pressure  for  the  locomotive  using  satu- 
rated steam  was  3.50  lb.,  and  for  80°  of  superheat  it  was  3.4  lb. 
a  gain  in  efficiency  of  2.8  per  cent;  while  the  consumption  at  160° 
superheat  is  3.05  lb.,  a  gain  of  12.8  per  cent,  and  the  coal  com- 
sumption  at  240  degrees  superheat  is  only  2.47  lb.,  a  saving  of 
29.4  per  cent  over  that  of  the  locomotive  using  saturated  steam. 
Thus,  if  we  take  tlie  locomotive  using  saturated  steam  as  con- 
suming 100  per  cent  of  coal,  it  might  be  said  that  the  first  80° 
superheat  will  reduce  this  2.8  per  cent,  the  second  80°,  10.0  per 
cent,  and  the  third  80°,  16.6  per  cent,  making  the  total  reduction 
for  240°  superheat,  at  1801b.  pressure,  29.4  per  cent.  Practically 
the  same  results  would  be  obtained  for  the  curves  representing 
160  and  200  lb.  steam  pressure. 

41.  Conclusions. — a.  A  locomotive  equipped  with  a  super- 
heater giving  from  200  to  240°  of  superheat  will  during  the  time 
of  running,  effect  a  saving  in  coal  consumption  of  from  twenty  to 
thirty  per  cent  over  that  of  the  same  locomotive  using  saturated 
steam. 

b.  It  would  seem  that  the  total  gain  in  efficiency  which 
can  be  obtained  from  superheat  in  a  locomotive  would  not  be 
reached  until  the  temperature  becomes  too  high  for  practical 
purposes. 
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A  NEW  ANALYSIS  OF  THE  CYLINDER  PERFORMANCE 
OF  RECIPROCATING  ENGINES 

Introduction 

Preliminary. — The  cylinder  performance  of  a  reciprocating 
engine  using  an  elastic  fluid  for  the  working  medium  may  be  con- 
sidered from  two  points  of  view:  (1)  the  performance  as  a  heat 
engine,  or  the  efficiency  of  transformation  of  the  available  heat 
into  indicated  work;  and  (2)  as  a  mechanism,  or  the  measure  of 
perfection  attained  in  the  distribution  of  the  working  fluid,  and 
in  preventing  its  leakage  past  the  valves,  piston,  or  piston  rods. 

Our  knowledge  of  cylinder  performance  is  obtained  almost 
entirely  from  indicator  diagrams.  These 'diagrams  provide  a 
measure  of  the  work  performed  in  one  cycle  of  operation,  thus 
giving  a  means  for  determining  what  proportion  of  the  heat  avail- 
able has  been  transformed  into  work,  this  proportion  being  ex- 
pressed as  a  thermal,  potential  or  other  efliciency. 

The  results  of  methods  used  at  present  in  the  analysis  of  cyl- 
inder performance  may  be  divided  into  two  classes:  (1)  those 
which  are  relatively  exact  and  satisfactory;  and  (2)  those  which 
are  relatively  inexact  and  unsatisfactory.  Under  these  two 
headings  the  following  results  may  be  enumerated: 

Class  1. 

1.  Indicated  work. 

2.  Aid  in  valve  setting, 

3.  Rough  location  of  cyclic  events. 

4.  Hirn's  analysis  for  steam  cylinders. 

5.  Measure  of  initial  condensation  in  steam  cylinders. 

6.  Detection  of  leakage,  if  very  large,  during    expansion  or 
compression  of  any  elastic  medium. 

7.  Measure  of  the  diagram  factor  for  the  purposes  of  design. 

Class  2. 

1.  Accurate  approximation  of  clearance  volume  from  all  cyl- 
inders using  elastic  media. 

2.  Close  location  of  cyclic  events. 

3.  Reliable  detection  and  approximation  of  moderate  leak- 
age with  the  engine  in  regular  operation. 

4.  Measure  of  the  actual  steam  consumption   from    steam 
diagrams. 
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5.  Separation  of   the   initial   condensation  and   leakage  in 
steam  cylinders. 

6.  Division  of  feed  between  the  two  ends  of  a  steam  cylinder 
for  the  application  of  Hirn's  analysis. 

It  has  generally  been  thought  by  engineers  that  a  satisfac- 
tory solution  of  these  last-mentioned  problems  is  impossible  be- 
cause the  indicator  diagram  has  not  been  supposed  to  contain  in 
itself  the  evidence  necessary  for  their  solution. 

The  investigation  described  in  this  bulletin  is  the  result  of 
an  extensive  analytical  and  experimental  study  of  the  forms  of 
the  expansion  and  compression  curves  which  occur  in  indicator 
diagrams.  The  analytical  study  was  carried  on  by  means  of 
transferring  the  indicator  diagram  to  logarithmic  cross-section 
paper  and  then  drawing  a  figure  which  will  be  called  the  loga- 
rithmic diagram. 

It  is  well-known  that  the  equation  of  the  polytropic  curve 
PT"  =  C  becomes  a  straight  line  when  plotted  on  logarithmic 
cross- section  paper.  Conversely,  when  the  expansion  or  com- 
pression curve  of  an  indicator  diagram  becomes  a  straight  line  in 
the  logarithmic  diagram,  the  curve  is  of  the  form  PV"^  —  C,  the 
value  of  n  being  the  slope  of  the  line. 

By  means  of  the  logarithmic  diagram,  it  has  been  found  that, 
free  from  certain  abnormal  influences,  expansion  or  compression 
of  an  elastic  medium  takes  place  in  the  cylinders  of  reciprocating 
engines  substantially  according  to  the  law  PV"'  =  C. 

From  the  fact  that  the  law  PV^  —  C  holds  for  expansion 
and  compression  curves  from  practice,  there  have  been  developed 
rational  methods  of  approximating  the  clearance  volume,  of 
closely  locating  the  cyclic  events,  and  of  detecting  moderate  leak- 
age when  the  engine  is  in  regular  operation.  These  methods  ap- 
ply, however,  only  bo  those  indicator  diagrams  which  are  taken 
from  the  cylinders  of  reciprocating  engines  using  any  elastic  fluid 
for  the  working  medium  and  having,  as  a  part  of  the  cycle,  an 
expansion  or  compression  of  the  medium. 

It  has  been  discovered  that  the  value  of  n  for  the  expansion 
curves  of  steam  diagrams  bears  a  definite  relation  in  any  given 
cylinder  to  the  proportion  of  the  total  weight  of  steam  mixture 
which  v/as  present  as  steam  at  cut-off.  This  proportion  or 
quality  will  be  called  Xc  in  this  investigation,  and  its  value  will  be 
expressed  in  parts  of  unity.  The  relation  of  the  value  of  n  to  the 
value  of  Xc  for  the  same  class  of  cylinder  as  regards  jacketing  has 
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been  found  to  be  practically  independent  of  engine  speed  and  of 
cylinder  size. 

The  practical  significance  of  finding  this  relation  is  that  there 
is  now  available  an  accurate  method  of  approximating  the  value 
of  Xc  and  therefore  the  actual  weight  of  steam  and  water  present 
at  cut-off  from  the  indicator  diagram  alone.  As  a  result,  a  new 
analysis  of  cylinder  performance  has  been  developed. 

Acknowledgments. — Acknowledgment  of  valuable  assistance  is 
made  to  Dean  W.  P.  M.  Goss,  Professor  G.  A.  Goodenough 
Professor  O.  A.  Leutwiler,  Mr.  C.  M.  Garland,  to  Purdue  Univer- 
sity, and  to  various  firms  which  furnished  indicator  diagrams  and 
tests  for  analysis. 

Part  I.     The  Approximation  of  the  Actual  Steam 
Consumption  Prom  Indicator  Diagrams 

I.     Preliminary  Work 

1.  Study  of  Indicator  Diagrams. — The  preliminary  work  con- 
sisted of  an  examination  of  the  nature  and  form  of  the  expansion  and 
compression  curves  of  the  indicator  diagrams  from  a  number  of 
steam  engines.  This  work  was  accomplished  by  means  of  trans- 
ferring the  indicator  or  PT-diagram  to  logarithmic  cross-section 
paper,  and  thus  drawing  a  figure  which  will  be  called  the  log- 
arithmic diagram.  It  was  found,  after  repeated  experiments, 
(see  p.  55)  that  free  from  certain  abnormal  influences,  expan- 
sion or  compression  of  steam  takes  place  in  cylinders  substanti- 
ally according  to  the  law,  PV'^  =  C.  The  values  of  n  which  were 
obtained,  however,  exhibited  a  large  range  of  variation,  the 
range  being  from  0.70  to  1.34.  The  engines  from  which  the 
values  were  obtained  differed  in  type,  size,  speed,  steam  pres- 
sure, ratio  of  expansion  and  back  pressure.  Obviously,  com- 
parisons could  not  be  made  of  these  examples  because  of  the 
number  and  magnitude  of  the  variables. 

Indicator  diagrams  taken  from  the  same  cylinder,  with  dif- 
ferent cut-off  positions,  showed  that  the  value  of  n  was  higher  as 
the  cut-off  was  lengthened.  There  was  a  large  variation  in  the 
value  of  n  where  the  conditions  of  cylinder  size,  speed,  sieam 
pressure,  and  steam  distribution  were  the  same.  The  only  variable 
shown  by  the  diagrams  was  the  length  of  the  cut-off.  It  was 
thought  that  there  might  be  some  relation,  in  any  one  cylinder, 
between  the  value  of  n  for  the  expansion  curve  and  the  quality  of 
the  steam  mixture  at  cut-off,  as  this  quality  was  known  to  be 
higher  as  the  length  of  cut-off  increased.     One  fact  that  seemed  to 
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confirm  this  hypothesis  was  that  with  superheated  steam  (under 
the  same  general  conditions,  except  thekindof  steam  used),  when 
the  quality  at  cut-off  was  high,  the  value  of  n  for  expansion  was 
always  much  higher  than  with  saturated  steam.  The  only  im- 
portant variable  between  the  use  of  saturated  and  superheated 
steam  to  account  for  the  change  in  the  value  of  n  was  the  quality 
of  the  steam  mixture  at  cutoff,  or  the  proportion  of  the  total 
weight  of  mixture  in  the  cylinder  which  was  present  as  steam  at 
cut-off.  This  quality  or  proportion  will  be  called  Xc  in  this  in- 
vestigation, and  its  value  will  be  expressed  as  decimal  parts  of  1. 
All  cases  examined  of  engines  using  superheated  steam  at 
normal  cut-off  showed  n  to  be  higher  than  1.0,  and  as  high  as 
1.34;  and  all  cases  of  small  engines  using  saturated  steam  showed 
n  to  be  lower  than  1.0  and  as  low  as  0.70.  These  facts  led  to  the 
conclusion  that  the  value  of  Xc  was  the  most  important  single  fac- 
tor in  the  accompanying  value  of  n.  Tests  were,  therefore, 
planned  in  which  the  effort  was  made  to  vary  the  value  of  Xc  be- 
tween the  widest  practicable  limits. 

II.    Laboratory  Tests 

2,  Equipment. — A  single-cylinder  long-range  cut-off,  12  in. 
X  24  in. -Corliss  engine,  located  in  the  Mechanical  Engineering 
Laboratory  of  the  University  of  Illinois,  was  selected  for  the 
tests.  A  Corliss  engine  was  selected  because  of  the  fact  that 
in  this  type  all  the  steam  used  passed  through  the  cylinder. 

3.  Plan  of  Tests. — It  was  planned  to  observe  the  effect  upon 
the  value  of  n  of  varying  the  value  otxc  under  different  conditions 
of  pressure  and  speed.  The  value  of  Xc  was  varied  through  a 
large  range  by  the  use  of  saturated  and  superheated  steam,  in 
conjunction  with  different  lengths  of  cut-off,  under  the  same  con- 
ditions of  pressure  and  speed.  The  values  of  .r^  obtained  ranged 
from  0.413  to  0.943,  covering  the  range  usually  found  in  practice 
with  the  type  of  engine  used. 

The  values  of  n  for  the  expansion  curves  were  obtained  by 
means  of  the  logarithmic  diagram  (see  Appendix  1).  The  value  of 
Xc  given  in  the  log  is  the  average  of  the  results  obtained  from  one 
set  of  head-end  and  crank- end  diagrams  for  each  test.  The  unit  of 
measurement,  therefore,  was  the  revolution,  as  the  values  of  Xc  for 
the  head  and  crank-ends  cannot  be  measured  separately  when  one 
exhaust  pipe  is  used  for  both  ends  of  the  cylinder.  The  value  of  n 
given  for  one  test  is  the  average  of  the  separate  values  from  the 
expansion  curves  of  the  head-end  and  crank-end  diagrams,  taken 
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from  the  set  of  diagrams  already  mentioned. 

•4.  Number  of  Tests. — Seventy  five  tests  in  16  series  were  run. 
Of  this  number,  60  tests  in  14  series  were  selected  as  fulfilling 
the  requirements  decided  upon  to  give  reliable  data.  Each  series 
consisted  of  4  to  5  separate  tests,  differing  from  each  other  only 
in  the  length  of  cut-off,  with  the  same  conditions  of  pressure  and 
speed.  All  tests  were  run  with  the  steam  exhausting  from  the 
cylinder  at  about  atmospheric  pressure  into  a  surface  condenser. 
The  length  of  cut-off  was  varied  in  nearly  uniform  steps  from 
about 5  percent  to  45  percent  of  the  length  of  the  stroke,  and  was 
the  means  of  varying  the  value  of  Xc  when  using  either  saturated 
or  superheated  steam. 

The  14  series  were  divided  into  2  divisions  of  7  series  each; 
one  division  being  run  with  saturated  steam,  and  the  other  with 
steam  superheated  to  500°  P.  at  the  superheater.  Each  division 
consisted  of  5  series  run  at  different  gauge  pressures  at  constant 
speed,  and  2  series  run  at  different  speeds  with  constant  pressure. 
The  steam  pressures  used  were  57.5,  76.5,  95, 113,  and  1321b.  gauge 
with  the  engine  running  at  120  r.  p.  m.  The  other  speeds  employed 
were  90  r.  p.  m.  and  150  r.  p.  m.  at  the  gauge  pressure  of  1131b. 
Each  division,  therefore,  gave  the  effect  of  the  use  of  5  steam  pres- 
sures at  constant  speed,  and  3  speeds  at  constant  pressure. 

The  governor  change-speed  device  was  always  set  to  give 
the  desired  speed  with  the  engine  running  at  no-load.  As  the  load 
was  increased,  the  speed  decreased  through  the  action  of  the 
governor  in  about  the  same  proportion  for  all  initial  speeds. 
Whenever  speed  is  mentioned,  the  no-load  speed  is  the  one  re- 
ferred to,  the  exact  speed  for  any  one  test  being  given  in  the 
general  log. 

The  general  log  of  the  29  tests  run  with  saturated  steam  is 
given  in  Table  1.  Table  2  contains  the  results  of  the  31  tests 
run  with  superheated  steam.  Table  3  gives  the  averages  of  simi- 
lar series,  called  groups,  run  at  the  same  pressure  and  speed, 
with  both  saturated  and  superheated  steam.  For  any  one  group 
of  the  two  series  of  tests,  as  has  already  been  pointed  out,  the  only 
variables  are  the  length  of  cut-off,  and  the  value  of  Xc. 

1.  Values  ofn  obtained  under  different  conditions  from  the  same 
engine  cylinder. — All  the  simultaneous  values  of  Xe  and  n  obtained 
from  the  60  tests  were  plotted  in  Pig.  1.  A  study  of  this  figure 
shows  beyond  question  that  as  Xc  increases  in  value,  n  increases 
also.  The  values  all  lie  in  a  region  which  has  a  definite  trend  to- 
wards higher  simultaneous  values  of  Xc  and  n.      Observing  the 
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general  trend,  it  is  seen  that  there  is  no  exception  to  this  j^eneral 
relation.  No  value  of  n  below  1.00,  for  instance,  is  found  for 
values  of  .r,-  above  O.HO,  and  no  value  of  n  above  1.10  is  found  for 
values  of  Xc  below  0.72. 
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Fig.  1.    General  Relations  Between  Quality  at  Cut-off  and  the  Value  oy  n 
FOB  Various  Pressures  AND  Speeds 

It  is  also  apparent  that  the  points  with  long  cut-off,  obtained 
from  saturated  steam  for  given  values  of  .-xv  and  w,  are  in  the  same 
region  occupied  by  the  points  with  short  cut-off  obtained  from 
superheated  steam  for  the  same  given  values  of  Xc  and  n. 
Examining  the  region  of  71  =  0.90-1.00  and  of  Xc  =0.50-0.70,  it 
may  be  seen  that  the  points  obtained  with  long  cut-off 
with  saturated  steam,  and  with  short  cut-off  with  superheated 
steam,  lie  together  indiscriminately.  This  shows  conclusively, 
in  a  general  way,  that  the  value  of  n  is  practically  independent  of 
the  length  of  cut-off,  even  though  this  length  may  vary  from  5 
per  cent  to  45  per  cent,  and  that  ii  depends  solely  on  the  value  of 
xc,  the  only  other  variable. 

The  points  shown  in  Pig.  1  occupy  a  relatively  wide  region 
until  they  are  separated  into  the  various  groups  of  similar  pres- 
sures and  speeds.  The  points  for  each  group  were  plotted  sep- 
arately, and  separate  curves  were  determined  for  each  condition. 
Prom  preliminary  plotting,  the  relations  between  n  and  Xc  were 
found  to  be  expressed  closer  by  straight  lines  than  by  any  other 
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family  of  curves.  The  method  used  to  draw  these  lines  will  be  given 
for  group  F,  which  includes  series  8,  with  4  tests,  and  series 
16  with  4  tests.     This  group  is  shown  in  Fig.    2.       All    points 


o  Tbsf     with  saturated  Steam 
a  Test     ^/tt]  super/seated  Steam 
®  Center  ofgroi/it</  'of  all pomts 
fr^uatwn  of  condition  jf-/^fe58n-0-6't4 


OSSO 


0950  /OOO  luSO  /.too  I  ISO 


uoo 


Fig.  2.    Relation  or  Quality  and  the  Value  of/i  for  Tests  Run  at  ill 
Pounds  absolute  Pressure  of  Cut-off  and  150  b.  p.  m. 

were  given  equal  weight.  The  average  of  all  the  coordinates, 
or  the  "center  of  gravity"  was  found  and  the  condition  imposed 
that  the  line  pass  through  this  center  as  an  axis,  and  that  the 
slope  be  aetermined  by  the  position  of  the  points.  The  points  in 
group  F  were  divided  into  four  logical  pairs  or  groupings,  and  the 
center  of  gravity  found  for  each  grouping.  The  line  was  then 
drawn  as  shown.  Where  points  were  located  so  that  a  logical 
grouping  was  in  doubt,  various  groupings  were  made,  and  each 
given  weight  in  determining  the  slope. 

The  equation  of  the  curve  selected  is  .r,.  =1.258  ?i— 0.614. 
The  average  deviation  of  the  points  from  this  line  is  2.6  per 
cent  (measured  from  the  zero  of  Xc )  and  the  maximum  deviation 
is  4.6  per  cent.  This  average  deviation,  2.6  per  cent,  is  smaller 
than  that  for  most  of  the  groups.  The  straight  line,  in  most  cases, 
represents  the  points  found  as  closely  as  any  other  curve  that 
could  be  employed,  and  has  the  merit  of  simplifying  greatly  the 
subsequent  use  made  of  the  relations  for  the  different  groups. 


CLAYTON NEW  ANALYSIS  OF  CYLLNDKU  rKHFOKMANCP: 


13 


The  values  of  n  for  group  /'  were  also  plotted  to  the  various 
accompanying  cut-off  positions  at  which  each  test  was  run.  This 
is  shown  in  Fig.  3.  The  points  in  Fig.  3  show  that  for  each  initial 
condition  of  steam,  the  value  of  n  increased  as  the  cut-oif  was 
lengthened,  and  that  with  any  given  cut-off,  different  values  of  n 
were  obtained  according  as  saturated  or  superheated  steam  was 
used.  Thus,  at  a  cut-off  of  15  per  cent,  the  value  of  vi^  obtained  is 
0.950  with  saturated  steam,  and  1,084  with  superheated  steam. 
The  only  variable  present  in  these  two  cases  is  Xc.  the  value  of 
which  is  higher  with  superheated  steam  than  with  saturated 
steam.  A  definite  relation  between  n  and  cut-off  occurs  only  when 
a  given  cut-off  is  accompanied  by  the  same  value  of  av,  i.  e.,  the 
value  of  11  bears  a  direct  relation  to  Xc  but  not  to  cut-off.  Fig.  8 
taken  in  conjunction  with  Fig.  2,  proves  that  the  value  of  n  de- 
pends directly  only  upon  the  value  of  a>,  and  that  the  relation  of  7i 
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and  Xc  is  practically  independent  of  the  length  of  cut-off  within  the 
limits  of  the  tests. 

(o)  Effect  of  varyinci  the  steam  pressure  at  constant  speed. — The 
relations  of  Xc  and  n  were  determined  separately  for  all  groups  by 
the  method  outlined  for  Fig.  3.  The  lines  for  the  five  pressures 
used,  comprising  the  results  of  groups  A,  B,  C,  D,  and  G,  were 
replotted  as  shown  in  Fig.  4.  This  figure  also  contains  other 
curves  that  are  discussed  in  Appendix  1.     The  lines  shown  give 
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the  relations  of  Xc  and  n  for  various  absolute  pressures  at  cut- off, 
all  obtained  with  a  speed  of  120  r.  p.  m. 

These  curves  were  then  examined  to  find  the  effect  of  vary- 
inpf  the  absolute  pressure  at  cut-off  (designated  as  p)  on  the  rela- 
tions of  av  and  n.  In  Fig.  -i,  the  constant  pressure  curves  were 
intercepted  at  constant  values  of  n,  and  the  coordinates  of  .re  and 
2)  for  the  points  of  intersection  plotted  in  Fig.  5.  This  process 
■was  repeated  at  intervals  of  0.05,  for  the  values  of  n  from  0.850 
to  1.250.  The  curves  were  adopted  as  shown.  The  method  used 
was  as  follows:  the  maximum  value,  from  the  evidence  of  Fig.  4,  was 
assumed  to  be  at  the  value,  j^  =  95;  the  values  of  p  =  61  and  79  =  78 
were  combined,  and  the  center  of  the  line  connecting  each  pair 
used  as  one  point;  with  these  assumptions  the  curves  were  drawn. 
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Relations  at  Cut-off  Between  Quality  and  the  Value  of  n  for 
Various  Pressures  at  Constant  Speed 


Since  the  relation  of  Xc  and  n  at  constant  speed  and  pressure  is  a 
straight  line,  the  curves  of  Fig.  5  were  drawn  by  interpolation  to 
increments  in  the  value  of  n  to  0.01. 

This  procedure  gave  a  series  of  relations  between  Xc  and/j  for 
constant  values  of  n.  Since,  however,  the  independent  variables, 
in  any  actual  curve  under  examination,  are  n  and  %>,  the  coordi- 
nates of  the  curves  of  Fig.  5  were  changed  so  as  to  show  the  rela- 
tions of  n  and  p  at  constant  values  of  Xc .     These  relations  are 
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shown  in  Fig.  6. 

The  effect  of  a  change  of  pressure  on  the  relations  of  >,  and  n 
is  not  great  between  the  limits  of  75  to  150  lb.  An  approximate 
equation  has  been  worlced  out,  therefore,  which  represents  the 
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relations  of  ./>  and  )i  at  an  average  pressure  between  the  limits 

mentioned.     The  equation  corresponds  to  the  relations  at  129  lb. 

and  is  of  the  form 

xc  =  1.245  w  —0.576. 

(b)  Effect  of  varying  the  speed  at  constant  pressure. — Groups  D, 
E,  and  F,  were  run  at  speeds  of  120,  90  and  150  r.  p.  m. ,  respect- 
ively, with  the  average  cut-off  pressure  on  the  diagrams  constant 
at  111  lb.  absolute.  The  regulation  of  the  governor  was  very- 
poor,  there  being  about  a  10  per  cent  drop  in  speed  from  no  load 
to  full  load.  For  this  reason,  the  relations  of  Xc  and  n  with  va- 
rious speeds  at  constant  pressure  were  affected  by  considerable  va- 
riation of  the  speed  itself  for  each  group.  The  relations  for  each 
group  were  found  as  already  described,  and  the  curves  plotted  in 
Fig.  7.  The  relation  of  speed  (designated  as  s)  and  Xc  for  con- 
stant values  of  n  was  derived  from  Fig.  7,  and  is  given  i"n  Fig.  8. 

The  apparent  relations  of  Xc,  s,  and  n,  obtained  by  drawing  a 
smooth  curve  through  the  three  points  obtained  for  each  value 
of  n,  are  not  satisfactory,  owing  to  insufficient  data  and  the  change 
of  the  speed  itself  in  the  three  groups  due  to  poor  regulation. 
The  drop  in  the  speed,  for  one  group,  does  not  seriously  affect, 
however,  the  relations  of  Xc  and  n  for  the  various  pressures  at 
constant  speed. 

2.  Relation  of  the  value  of  n  to  the  quality  of  the  steam  mixture 
at  cat-off. — From  the  evidence  obtained  from  these  tests,  it  may  be 
stated  that,  for  any  one  engine,  running  at  a  given  pressure  and 
speed,  there  is  a  definite  relation  between  Xc  and  n  which  is 
practically  independent  of  the  cut-off  position  within  the  limits  ex- 
amined. This  relation  is  apparently  a  linear  one.  It  may  also 
be  stated  that  the  relation  of  Xc  and  n  is  dependent,  to  some  ex- 
tent, on  the  absolute  pressure  at  cut-off,  and  on  the  speed  of  the 
engine. 

It  remained  to  compare  the  relations  of  Xc  and  n  for  the  en- 
gine tested  with  the  relations  for  other  engines.  This  comparison 
is  made  in  the  next  section. 

An  investigation  of  the  value  of  k  for  adiabatic  expansion, 
(see  page  83,  Appendix  1)  shows  that  there  is  a  relation  between 
the  initial  quality  Xi  and  the  value  of  k  which,  like  the  experiment- 
ally determined  relation,  is  also  a  linear  one.  The  adiabatic  re- 
lations of  X  and  k  are  plotted  in  Fig.  4,  for  the  pressures  used  in 
the  tests. 

Acknowledgment  is  made  of  the  assistance  rendered,  in  running  these  tests,  by  the  follow- 
ing senior  students,  viz..  Messrs,  Jacobsen,  Schuster,  Parmely.  Hodgson,  Janda.  Butzer  and 
Wood,  Class  of  1910,  and  Messrs.  Hasberg,  Hagedorn,  Allen,  Herrcke,  Cobb  and  Ponder.  Class 
of  1911. 
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III.     The  Approximation  of  the  Actual  Steam 
Consumption  from  Indicator  Diagrams 

5.  Engine  Tests. — The  most  reliable  method  of  determining 
the  steam  consumption  of  an  engine  is  to  measure  or  weigh  the 
water  directly,  preferably  by  means  of  a  surface  condenser.  This 
method  necessitates  an  elaborate  test,  which  disturbs  the  routine 
of  the  plant  tested,  and  is  very  costly  for  long  tests  of  large 
engines.  The  objections  to  tests  of  this  kind  are  many,  and  a  few 
of  them  will  be  stated.  When  the  boiler  feed  is  measured,  both 
the-  engine  and  the  boilers  serving  it  have  to  be  entirely  discon- 
nected from  other  units,  sometimes  necessitating  shutting  down 
the  rest  of  the  plant.  Almost  all  tests,  where  there  is  more  than 
one  unit,  necessitate  changes  in  heavy  and  permanent  piping. 
Boilers  are  apt  to  leak  in  service,  and  the  measurements  of  the 
leaks  are  unsatisfactory.  One  serious  objection  to  long  time  tests 
is  that  the  different  rates  of  steam  consumption  cannot  be  segre- 
gated. The  ideal  method  of  testing  a  steam  engine  would  be  a 
method  analagous  to  that  used  with  electrical  machines,  i.  e.,  to 
measure  instantaneous  rates  of  consumption  instead  of  the  water 
consumed  over  a  long  time. 

6.  The  3Ilssing  Qaantiti/. — On  account  of  the  cost  and  dif- 
ficulties of  making  a  test,  many  engineers  have  devised  methods 
of  approximating  the  steam  consumption  without  actually  meas- 
uring it. 

When  indicator  diagrams  were  first  obtained,  the  loss  from 
initial  condensation,  or  the  existence  of  the  "missing  quantity", 
was  not  suspected.  The  opinion,  therefore,  was  that  the  con- 
sumption could  be  rae&sured  from  the  steam  shown  by  the  dia- 
gram at  cut  off.  After  Clark^  and  Isherwood"^  made  their  tests  the 
existence  and  amount  of  this  initial  condensation  were  revealed. 
The  very  great  difference  in  the  proportion  that  this  initial  con- 
densation bears  to  the  *otal  weight  of  mixture  present,  either  at 
cut-off  or  during  the  expansion,  that  is  found  in  different  types  and 
size^  of  engines  has  prevented  any  reliable  determinations  of  the 
actual  steam  consumption  by  this  method.  The  steam  consumption 
computed  from  the  diagram,  when  using  saturated  steam,  is  gen- 
erally from  15  per  cent  to  50  per  cent  below  the  actual  consumption. 

The  devising  of  an  accurate  method  of  measuring  the  actual 
weight  of  steam  consumed  from  the  diagram  has  therefore  been 
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regarded  as  impossible.  Thurston"' states  that  "the  steam  or  water 
consumption  of  an  en^^ine  cannot  be  exactly  ascertained  by  the 
use  of  the  indicator"  for  the  reasons  mentioned.  Most  other 
writers  on  the  subject  have  expressed  similar  views. 

7.  Approximation  of  the  Initial  Condensation. — Methods  of  com- 
puting the  weight  or  proportion  of  the  "missing  quantity",  from 
the  dimensions,  type,  and  speed  of  the  engine  considered,  as  shown 
by  the  results  of  large  numbers  of  tests,  have  been  devised  by 
Thurston^  Escher^  Marks^  Fourier,  English^  Bodmer',  Cotterill**, 
Heck**,  and  others.  The  results  obtained  from  these  methods 
have  not  been  uniform,  and  do  not  agree  closely  enough  with  the 
test  results  to  be  used  with  confidence.  Moreover,  none  of  these 
methods  is  applicable  when  superheated  steam  is  used.  Profes- 
sor Heck^"  states  that  the  steam  consumption  computed  by  the  use 
of  his  formula  should  ordinarily  show  not  more  than  10  per  cent 
difference  from  the  test  results. 

8.  IVie  Relation  of  Xc  and  n. — The  relation  of  Xc  and??,  for  the 
same  engine,  has  been  shown  to  be  very  definite  under 
the  same  conditions  of  pressure  and  speed.  This  relation,  or 
dependence,  of  n  upon  x,-.  ,  however,  is  not  seriously  affected 
by  changes  of  pressure  and  speed,  within  the  limits  of  the  tests. 
The  ordinary  speeds  of  similar  types  of  engines,  70  to  120  r.  p.  m., 
do  not  affect  the  relation  seriously  enough  to  be  taken  into  ac- 
count when  examining  such  cases,  because  of  the  two-fold  char- 
acter of  speed  in  its  influence  upon  the  action  of  the  cylinder  walls. 

The  engine  experimented  upon  was  operated  at  120  r.  p.  m., 
and  had  a  stroke  of  2  ft.  Other  engines  of  this  class  I'un  at  speeds 
as  low  as  70  r.  p.  m.,  but  have  strokes  of  5  or  6  ft.  Cylinder  con- 
densation is  not  dependent  upon  rotative  speed  alone,  but  is  also 
influenced  by  the  piston  speed,  as  determined  by  the  length  of 
the  stroke.  On  account  of  different  lengths  of  stroke,  different 
engines  cannot  be  compared  on  the  basis  of  rotative  speed.  Thus 
while  the  small  engine  tested  has  a  rotative  speed  of  120  r.  p.  m., 
its  piston  speed  is  only  4S0  ft.  per  minute.  In  large  engines, 
while  the  rotative  speed  may  be  only  70  r.  p.  m.,  yet,  with  strokes 
of  0  ft.,  the  piston  speed  is  840  ft.  per  minute.  What  the  smaller 
engine  gained  by  higher  rotative  speed,  the  large  engine  made  up 
in  a  measure  by  higher  piston  speed. 


■  Entfinc  and  Boiler  Trials.  11.  237.  7 Engineering  (London',  Mar.  4,1892,  i>.  29 

*  A  Manual  of  the  Ste  am  Engine,  p.  517.  "The  Steam  Engine,  p.  c3S. 
•»  Engineer  f  Liindon>.  1882.                  fp.  206.]         9  The  Steam  Engine,  p.  109. 

*  Kelative  Proportions  of  the  Steam  Engine,        i"  The  Steam  Engine,  p.  119. 
Proceedings  of  the  Brit.  Inst,  of  M.  E.,  Oct,  1889. 
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After  taking  into  account  the  two  parts  of  which  speed  is 
composed,  it  is  found  that  the  speeds  of  stationary  engines  of  the 
type  tested  are  in  substantially  the  same  range.  On  account  of 
this  fact,  only  the  results  of  the  tests  run  at  120  r.  p.  m.  have  been 
used  in  the  applications  made  at  present. 

The  relation  of  Xc  and  n  has  been  found  to  be  practically 
independent  of  cylinder  size.  This  statement  is  true  for  non- 
jacketed  cylinders  and  for  pressures  in  the  range  examined.  This 
is  shown  in  a  general  way  in  the  following  discussion  for  satu- 
rated steam. 

9.  Tlie  Pltenomena  Occurring  in  the  Cylinder, — Cast-iron  is  uni- 
versally used  for  steam  cylinders.  The  greatest  source  of  loss 
in  the  cylinder  is  due  primarily  to  the  use  of  a  metallic  structure, 
from  practical  considerations.  The  skin  surface  of  this  metal, 
which  is  a  fairly  good  conductor  of  heat,  must  be  heated  once  every 
cycle  from  the  temperature  acquired  from  contact  with  the  ex- 
haust steam,  up  to  nearly  the  temperature  of  the  admission  steam, 
this  heating  being  accomplished  by  the  condensation  of  some  of 
the  incoming  steam.  The  amount  of  this  condensation,  measured 
as  the  proportion  of  the  mixture  present,  varies  with  the  size, 
valve  design,  relative  roughness  of  the  interior  surface,  tempera- 
ture range,  length  of  cut-off,  speed,  location  of  ports  and  port 
passages,  quality  of  the  steam  supplied,  and  the  jacketing  and 
lagging.  It  can  easily  be  seen,  from  the  number  and  relative 
magnitude  of  these  variables,  that  the  computation  of  the  weight 
of  condensation,  by  means  of  a  formula  which  will  take  these  vari- 
ables into  account,  can  never  be  an  accurate  operation. 

After  many  examinations  into  the  cases  of  different  tj^pes  and 
sizes  of  engines,  with  non-jacketed  cylinders  in  good  order,  and 
with  pressure  limits  similar  to  those  used  with  the  tests,  it  has 
been  found  that  while  the  initial  condensation  is  subject  to  the 
action  of  ten  or  more  variables,  yet  the  value  of  n  resulting  from 
a  given  value  of  Xc  is  almost  always  substantially  the  same.  A 
few  of  the  applications  showing  this  point  will  be  found  in  Table 
4.  Here  the  cylinder  sizes  vary  from  10^^  in.  x  12  in.  to  34.2  in. 
X  60  in.,  the  speeds  from  48  to  2^3  r.  p.  m.,  and  the  types  include 
slow-speed  Corliss,  high  speed,  and  locomotive  engines.  The 
possibility  of  calculating  accurately  the  weight  of  condensation 
in  these  different  cases  may  be  easily  imagined. 

The  phenomena  caused  by  the  presence  of  the  cylinder  walls, 
in  the  class  of  engines  discussed,  have  been  found  to  be  divided 
into  two  natural  classes:  those  occurring  before  cut-off,  and  those 
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occurring  after  cutoff.  The  phenomena  occurring  before  cutoff 
are  controlled  by  the  action  of  the  ten  or  more  variables  already 
mentioned,  and  therefore  are  subject  to  all  the  variation  that  may 
occur  in  any  individual  case  to  be  examined.  For  this  reason, 
any  method  of  computing  the  condensation  accurately  from  the 
physical  facts  surrounding  the  case  is  open  to  objection.  This 
method  also  cannot  allow  for  the  use  of  superheated  steam,  an 
increasingly  important  condition.  The  phenomena  occurring  af- 
ter cut- off  are  practically  independent  of  all  variables  except 
.»v  ,  and  initial  pressure  and  speed.  Of  these  variables,  only  the 
value  of  .>',•  and  the  initial  pressure  have  proved  to  be  of  material 
importance  in  the  applications  made  thus  far.  This  may  be 
summed  up  by  stating  that  the  value  of  Xc  ,  in  any  particular 
case,  is  subject  to  the  action  of  many  important  variables,  but 
that  the  relation  of  .r,.  and  n  is  practically  independent  of  these 
variables  within  the  limits  examined  in  this  investigation. 

10.  The  Phenomena  of  Condensation  and  Re-evaporation  during 
Expansion. — When  adiabatic  expansion  of  initially  dry  saturated 
steam  takes  place,  a  part  of  the  steam  is  condensed  as  the  pres- 
sure is  lowered,  the  condensed  steam  giving  up  its  latent  heat 
which  is  converted  into  work.  When  superheated  steam  is  ex- 
panded adiabatically,  the  steam  loses  its  superheat  until  satura- 
tion is  reached,  after  which  condensation  takes  place  as  in  the 
case  of  initially  dry  steam . 

When,  however,  the  steam  is  initially  composed  of  a  large 
proportion  of  water,  both  being  at  the  same  temperature,  adia- 
batic expansion  may  take  place  without  additional  condensation 
and  may  even  be  accompanied  by  re-evaporation.  This  fact  is 
due  to  the  large  amount  of  heat  contained  in  the  water,  a  part  of 
which  flashes  into  steam  as  the  pressure  is  lowered,  thus  supply- 
ing and  neutralizing  the  loss  oE  steam  volume  by  condensation 
which  takes  place  with  steam  initially  dry.  Adiabatic  expansion 
is  accompanied  by  condensation  when  the  initial  quality  is  above 
the  value  0.50  at  an  initial  pressure  of  2401b.  persq.  in.  absolute, 
but  below  the  value  of  0.50,  it  is  accompanied  by  re-evaporation. 
An  examination  of  Table  20  will  show  the  values  of  the  initial 
quality  which  form  the  line  of  demarcation  of  condensation  and 
re-evaporation  during  the  adiabatic  change  of  state. 

In  the  actual  engine  using  saturated  steam,  as  has  already 
been  pointed  out,  some  of  the  incoming  steam  is  condensed  in 
warming  up  the  surface  of  the  cylinder  walls  to  approximately 
t,he  temperature  of  the  incoming  steam.      When  the  admission  of 
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TABLE  5 
COXDSXSATIOX   AND    Re-EYAPORATION   OF   SXEAM   DCRING    EXPANSION 


Example  No 

1 
0.510 

2 

Initial  Quality.  Parts  of  Unity 

0,950 

Pressures,  i.b.  per  S(^  in.  Absolute 

Initial 

145.0 
20.0 

145  0 

Final 

20  0 

Value  of  n  in  Equation  PV'*=C 

Adiabatic  expansion,  from  Table  20 

1.082 
0.900 

1.133 

Actual  expansion  in  engine,  tested.  fronaFijr.  6  

1.230 

Volume  of  Steam  Present,  cr,  ft.  (Volume  of 

Water  Neglected) 

Initial   

Final,  adiabatic    expansion 

Final,    curve    of  constant  steam  weight  .. 
Final,  actual  expansion   in  engine  tested 


1.00 
6.24 
6.44 
9.01 


1.00 
5.75 
6.44 
5.00 


Weight   of   Steam  Present,  Lb. 


Inital,    plus  water 

Initial,  steam  only 

Fi:al,  adiaDaiic  expansion 

Final,  curve  of  constant  steam  wei.arht. . 
Final,  actual  expansion  in  engine  tested. 


0.594 

0,338 

0.321 

0.321 

0.311 

0.287 

0.321 

0.321 

0.450 

0.249 

Quality  of  Steam  at  Final  Pressure,  Parts  of  Unity 


Adiabatic   expansion 

Curve  of  constant  steam  weitrht  .. 
Actual   expansion  in  engine  tested. 


0.524 
0,510 
0,757 


0,849 
0.950 
0.736 


Condensation  or  Re-evaporation,  Parts  of  Unity 


Apparent    re-evaporation 

Real  re-evaporation 

Apparent  condensation . . 
Real  condensation  


0,214 
0,113 


steam  is  cut  off  arid  expansion  commences,  the  condensation,  due 
to  the  presence  of  the  cylinder  walls,  continues  in  general  until, 
at  some  point  during  expansion,  the  water  on  the  cylinder  walls 
begins  to  re-evaporate  at  such  a  rate  that  the  weight  of  steam 
present  at  the  end  of  expansion  is  greater  than  that  which  was 
present  at  cut-off. 

To  show  the  effects  and  extreme  values  of  condensation  and 
re-evaporation  during  expansion,  there  have  been  prepared  in 
Table  5  two  examples,  using  the  average  results  of  tests  which 
have  been  run  on  tlie  engine  tested  (see  Appendix  2). 
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n.  Examples. — Example  1  is  a  condition  which  obtains  in 
the  engine  tested  when  using  saturated  steam  at  about  1-40  lb. 
gauge  pressure  with  a  length  of  cut-off  of  about  C  per  cent.  All 
values  of  the  qualities  mentioned  are  portions  of  the  total  weight 
of  mixture  in  parts  of  unity.  The  value  of  av  is  0.540,  a  low 
value,  yet  one  which  often  obtains  in  small  engines.  If  this 
steam  were  expanded  adiabatically  to  the  back  pressure,  20  lb. 
absolute,  the  resulting  quality  would  be  0.524,  giving  a  condensa- 
tion of  0.010.  The  expansion  which  actually  takes. place  in  the 
engine  tested  under  these  conditions  results  in  a  final  quality  of 
0.757,  showing  that  the  apparent  re-evaporation  from  the  value 
of  Xc  has  been  0.217.  However,  the  steam  mixture  in  expanding 
did  expand  adiabatically  in  order  to  give  up  heat  to  work,  but  the 
actual  or  what  might  be  called  the  gross  expansion,  was  changed 
in  character  by  the  re-evaporation  of  a  large  proportion  of  the 
water  present,  due  to  the  return  of  heat  from  the  cylinder  walls 
and  the  consequent  Hashing  into  steam  of  part  of  the  water  when 
the  pressure  and  the  temperature  were  lowered.  The  real 
re-evaporation,  measured  by  its  effect  upon  adiabatic  expansion, 
has  been  the  difference  between  0.757  and  0.524  or  0.233. 

The  actual  expansion  in  this  case  has  been  the  result  of  two 
factors  which  worked  simultaneously;  adiabatic  expansion,  and 
the  return  of  heat  from  the  cylinder  walls  to  the  mixture.  The 
first  factor,  adiabatic  expansion,  as  already  explained,  is  itself 
the  result  of  two  neutralizing  or  opposing  conditions,  i.  e. ,  the 
condensation  of  initially  dry  steam  during  expansion,  and  the 
relatively  smaller  amount  of  re-evaporation  of  water  initially  in  the 
mixture  due  to  the  liberation  of  its  excess  of  heat  when  the  pres- 
sure and  temperature  were  lowered.  The  net  result  of  the  two 
conditions  of  thi^  adiabatic  expansion,  however,  was  a  condensa- 
tion. The  second  factor  is  the  large  amount  of  re- evaporation 
due  to  the  return  of  heat  from  the  surface  of  the  cylinder  walls 
to  the  condensed  steam,  amounting  in  example  1  to  0.23B,  or, 
roughly,  there  has  been  re- evaporated  during  expansion  i  of  the 
entire  weight  of  mixture  present. 

Example  2  shows  conditions  which  obtain  in  the  engine  tested 
when  served  with  steam  at  about  140  lb.  gauge  pressure,  super- 
heated about  125°  P.  with  a  length  of  cut-off  of  about  45  per  cent. 
The  value  of  Xc  is  0.950,  a  very  high  value  for  this  class  of  en- 
gine. The  quality  after  adiabatic  expansion  would  be  0.849,  a 
condensation  of  0.101.  Where  values  of  Xc  are  as  high  as  0.950, 
however,  no  re-evaporation  takes  place  in  practice,  but  condensa- 
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tion  continues  throughout  expansion.  After  expansion  in  the 
engine  tested,  the  quahty  would  be  0.736,  showing  much  greater 
condensation  than  that  due  to  adiabatic  expansion  alone.  The 
apparent  condensation  has  been  0.214,  but  the  real  condensation, 
measured  by  its  effect  upon  adiabatic  expansion,  has  been  0.113. 

The  actual  expansion  in  example  2,  as  in  example  1,  has  been 
the  result  of  two  factors;  adiabatic  expansion,  and  the  further 
abstraction  of  heat  during  the  whole  expansion  by  the  cylinder 
walls.  Heat  is  abstracted  during  expansion  by  the  cylinder  in 
the  engine  tested  at  all  values  of  xc  above  0.85,  thus  giving 
values  of  n  higher  than  the  adiabatic  value  k. 

The  phenomena  of  condensation  and  re- evaporation  during 
expansion  are  the  causes  of  the  relations  existing  between  Xc  and 
n  in  the  cylinders  of  steam  engines.  The  two  examples  given 
show  values  obtained  in  extreme  cases  which  illustrate  very  well 
the  effect  of  .Vc  upon  the  character  of  the  expansion,  and  there- 
fore upon  the  value  of  n,  and  show  the  range  of  values  that  n 
assumes  in  one  engine  due  to  a  change  in  the  value  of  Xc. 

12.  The  New  Metliod  of  Approximating  the  Value  of  Xc. — The 
fact  that  the  value  of  n  depends  upon  the  value  of  Xc  and  that  the 
values  have  definite  relations  under  definite  conditions,  makes  it 
possible  to  reverse  the  order  of  procedure  followed  in  obtaining 
the  relation  and  to  approximate  the  value  of  Xc  (and,  therefore, 
the  actual  steam  consumed)  from  the  value  of  n. 

It  appears,  therefore,  that  this  method  of  approximating  the 
value  of  Xc  at  cutoff  from  experimentally  determined  relations, 
and  thus  accounting  for  the  "missing  quantity",  is  upon  much 
surer  ground  than  any  method  of  computing  condensation  from 
the  physical  facts  surrounding  the  case.  It  approaches  the  prob- 
lem from  the  side  where  the  phenomena  occurring  are  practically 
independent  of  all   the   variables   mentioned. 

13.  Advantages  of  the  Method.—  This  method  is  free  from  sev- 
eral objections  to  which  tests  are  open.  It  measures  the  consump- 
tion in  one  revolution,  and  is,  therefore,  practically  measuring  a 
rate  instead  of  a  quantity.  The  only  data  needed  for  an  approxi- 
mation are  one  set  of  indicator  diagrams,  taken  simultaneously, 
the  constants  of  size  and  clearance,  and  the  speed  of  the  engine 
tested.  No  interruption  of  any  kind  in  the  routine  of  a  plant  is 
caused,  and  the  expense  incurred  is  not  to  be  compared  with  that 
of  an  equally  accurate  test.  The  method  is  accurate  enough  for 
almost  all  purposes  except  guarantee  tests  subject  to  bonus  and 
forfeit  contracts.     In  the  case  of  locomotives  on  the  road,  it  is 
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the  only  possible  method  of  approximating  the  steam  consump- 
tion of  the  main  entwines,  due  to  the  use  of  steam  by  the  air-pump, 
train-heating  system,  blower,  generator  sets,  safety  valves, 
whistle,  blow-off  valves,  and  leaks.  The  same  is  true  of  marine 
engines,  where  many  auxiliaries  are  supplied  with  steam  from  the 
same  boilers,  and  exhaust  into  the  same  surface  condensers.  The 
method  is  especially  useful  for  non-condensing  engines,  where  the 
boiler- feed  measurement  method  is  the  only  practicable  one. 
Steam  consumption  may  be  obtained  as  often  as  is  desired  instead 
of  probably  once  in  an  engine's  life. 

14.  Limitatkms — The  relations  of  Xc  and  n  given  in  chapter 
II  are  applicable,  however,  only  to  non-jacketed  cylinders  ex- 
hausting at  very  close  to  atmospheric  pressure.  When  the  back 
pressure  is  raised  to  30  lb.  absolute,  for  instance,  there  is  a  new 
series  of  relations  existing  for  the  same  initial  pressure,  due  to  a 
different  temperature  range  in  the  cylinder  and  the  consequent 
alteration  of  the  phenomena  occurring  after  cut-off.  Steam 
jackets  also  alter  the  phenomena  occurring  after  cut  off,  and 
therefore  have  to  be  examined  separately  for  the  relations  of 
Xc  and  n.  The  steam  used  in  the  jackets  and  in  reheaters  has  of 
course  to  be  collected  and  weighed  as  heretofore. 

Since  this  method  rests  entirely  on  the  indicator  diagram, 
great  care  must  be  observed  in  taking  these  diagrams.  The  indi- 
cator itself  must  be  an  accurate  instrument  in  the  best  possible 
condition.  The  indicator  connections  must  be  short  and  direct. 
An  extensive  investigation  by  W.  F.  M.  Goss"  shows  that  the 
long  and  indirect  pipe  connections  materially  alter  the  form  and 
character  of  the  expansion  curves.  A  correct  reducing  motion, 
free  from  lost  motion,  must  be  used  so  as  to  reproduce  the  actual 
expansion.  The  arrangement  of  having  one  indicator"  at  each  end 
of  the  cylinder  is  always  to  be  preferred. 

The  applications  of  this  method  must  be  made  with  judgment 
and  care.  If  large  leakage  exists,  only  an  approximate  solution 
can  be  obtained,  as  certain  assumptions  have  to  be  made.  The 
various  steps  involved  in  the  use  of  the  method  must  be  thor- 
oughly comprehended  to  give  satisfaction. 

lo.  Applb-ation  of  the  Method.— The  relations  of  .>v  and  n,  as 
determined  for  various  pressures  at  constant  speed  from  the  en- 
gine described  (see  Appendix  2,)  were  plotted  in  the  form  of  the 
chart  shown  in  Fig.  6. 

The  next  step  was  to  examine,  with  certain  restrictions,  the 
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tests  of  other  engines,  and  to  compare  the  relations  of  occ  and  n 
with  those  given  in  Fig.  6.  The  restricting  conditions  imposed 
were:  (1)  that  the  tests  should  come  from  reliable  sources;  (2)  that 
the  data  supplied  should  be  complete  enough  to  be  able  to  com- 
pute the  quantities  needed  for  comparison;  (3)  that  the  cylinders 
should  be  non- jacketed;  (4)  that  the  diagrams  furnished  should  be 
representative  of  average  conditions;  (5)  that  tne  back  pressure 
in  the  cylinder  examined  should  be  practically  atmospheric;  (6) 
that  no  large  leaks  should  exist. 

The  values  of  .r^.,  n  and  p  were  first  found  from  the  set  of 
diagrams  to  be  examined.  Next,  the  values  of  n  and  p  were  located 
in  Fig.  6  and  the  corresponding  value  of  Xc  found,  as  obtained  in 
the  tests  given  in  chapter  II.  The  value  of  Xc  obtained  from  the 
chart  and  that  obtained  from  the  test  examined  were  compared, 
and  the  steam  consumption,  as  computed  by  the  value  of  Xc  taken 
from  the  chart,  was  obtained. 

The  results  of  tests  which  fulfilled  the  conditions  imposed 
are  given  in  Table  4.  Four  distinct  classes  of  engines  were 
examined.  These  include  simple  Corliss,  two-valve  and  four- 
valve  types,  the  high  pressure  cylinders  of  compound  engines, 
the  intermediate  pressure  cylinders  of  triple  expansion  engines, 
high  speed,  and  simple  locomotive  engines.  The  sizes  range 
from  IO2  in.  xl2in.  to  34. 2 in.  x60in.,  and  the  speeds  from  263 
to  47.98  r.  p.  m. 

The  final  results,  given  in  columns  24,  29,  31  and  36  of 
Table  4  were  averaged  (analysis  201  excepted)  and  the  averages 
are  given  in  the  following  table: 

Approxi-Mation  from  Chart — Fio.  6 


Average  Difference  from  Test  Results 

Value  of  Xc 
per  cent 

Actual  Steam  Con 
sumption 
per  cent 

Irrespective  of  Sign 

3.08 

3.72 

Higher  (+)  or  Lower  {  —  )  than  Tests  Results |           —1.93 

+2.50 

Approximation  from  Equation  Xc  ^  1.2  i5»  —0.576 

Irrespective  of  Sign 

3.32 

3.98 

Higher  (+>  or  Lower  (— )  than  Test  Results 

—  1.2 

+1.91 

TABLE  4 
Approximation  of  the  Actual  Steam  Consumption  From  Indicator  Diagram 
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SIMPLE  CORLISS.  2- VALVE.  AND  4-VALVE.  NON-COXDENSING  1 


Corliss.  Single  Cylinder 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

'  'Engine  Tests" 

No.    1 

23     X60 

m 

!.r. 

8477 

305.2 

27.77 

74.7 

4482 

1.890 

i.eee 

0.130    \  i 

102 

Corliss,  Single  Cylinder 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

'  'Engine  Tests" 

No.    3 

28H  X  59H 

4 

3  0 

13(170 

506.5 

25.80 

64.8 

3K88 

3.363 

2.822 

0.167      3 

Corliss.  Single  Cylinder 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

"Engine  Tests" 

.  No.    7 

26  r1,  X  48 

37» 

3.0 

B742 

232.3 

29.03 

64.7 

3882 

1.736 

1.402 

0  116    1  1 

Double-Valve.  2 Cylinders 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

'  'Engine  Tests" 

Nu.  10b 

1-,      X24.2 

2% 

2.0 

79S2 

310.1 

25.64 

152.9 

9174 

0.8670 

0.7390 

0.06£  1  0 

105 

Four-Valve.  Single  Cylinder 

Not  ascertained 
Ridgway  Dynamo  and 

Not  ascertained 
Makers  Works 

Geo.  H.  Barrus 
A.  R.  Meek 

Not  ascertained 

"Engine  Tests" 

No.  11 

165^  X  32 

Sh 

4.0 

1879 

50.2 

37.43 

79.8 

4788 

0.3925 

0.2732 

0.0807  1  0 

106n 

Four-Valve.  Single  Cylinder 

Engine  Co. 

Ridgway,  Pa. 

10-10-10 

Makers 

10H  X  12 

0 

5.0 

2353 

97.9 

24.04 

263 

1.5780 

0.1491 

0. 1.177 

0.02  4- 

1066 

1878 

79.2 

23.71 

258 

1&480 

0  1213 

IO61; 

997 

41.7 

23.90 

260 

156<X1 

0.0639 

0.0537 

<■''.-. 

loed 

Same  Engine  as  106a 

093 

25.8 

26.87 

263 

15780 

0.0439 

0.0402 

O.u; 

107 

Corliss.  2  Cylinders 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

'  'Engine  Tests" 

No.  31b 

16     x43 

""i 

3.r> 

88T3 

342.43 

25.91 

84.9 

108(1 

Pour-Valve.  Single  Cylinder 

Not  ascertained 

Not  ascertained 

Geo.  H,  Barrus 

Not  ascertained 

'  'Engine  Tests" 

,  No.  17a 

18     X  :io 

■2% 

5.0 

4707 

213.2 

32.08 

165  6 

1086 

Same   Engine  as  108a  (Condensing) 

'  'Engine  Tests" 

No.  17b 

BO.50.2 

209.1 

28.93 

164.4 

9864 

0.6137 

o.oeo     3 

109 

Corliss,  2  Cylinders  1 1  Condensing) 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

"Engine  Tests' 

.  No.  l.S 

33     X  60 

\m 

3.0 

13187 

815.1 

110 

Corliss.  1  Cylinder  (I  end  Condensing) 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascerlaihed 

'  'Engine  Tests' 

.  No.    -i 

34.2x60 

47a 

3.0 

1J6I3 

523.43 

111 

Corliss,  2 Cylinders  (1  Condensing) 

Not  ascertained 

Not  ascertained 

Geo.  H.  Barrus 

Not  ascertained 

'  'Engine  Tests' 

,  No.  39 

28     x60 

4 

2J) 

14293.7 

562.1 

S5.43 

COMPOUND  CONDENSING  ENGINES-H.  P.  CYLINDERS 


Corliss  Cross-Compound 
Buckeye  Cross-Compound 
Corliss  Cross-Compound 


Watts  Campbell  Co. 
Buckeye  Engine  Co. 
Geo.  H.  Corliss 


Thos.  Oakes&Co. 

Bloomfield.  N.  J. 
Dayton  &  Troy  El.  Ry.  r 

Tippecanoe  City.  Ohio 
Pawtucket  Water  Works 

Pawiucket.  R.  I. 


G.  A.  Oakes,  W.  M.  White 

Sargent  &  Lundy 

Wm.  Kent.  D.  S.  Jacobus 


1-20-03 
5-  6-02 
5-1591 


Makers 

Makers 

Trans.  A.  S.M.  E.  XIII.  1" 


20     X  36     X  36 

lS?ix36     x36 
15     X  30H  X  30 


6';40 

433.5 

15.00 

75.83 

4550 

1.481 

1  244 

O.IOW 

8675 

639.2 

14.20 

123.3 

7398 

1.173 

1.023 

0.1490 

2007 

140.78 

14  36 

47.98 

2879 

06970 

0.5492 

0.0S18 

TRIPLE  EXPANSION  CONDENSING  ENGINES-I.  P.  CTLINDEKS 


Corliss  (slow  speed  pun  ping  engine)  Not  ascertained 


Trans.  A  S.  M.  E.  XIV.  1.340  24"-»  x  34  x  54  x  36 


HIGH  SPEED  SINGLE-VALVE.  NON-CONDENSING  ENGIXI 


Piston  valve.  Single  Cylinder 
Single  valve.  Single  Cylinder 
Single  valve.  Single  Cylinder 


A.  L.  Ide&Sons 
Not  ascertained 
Not  ascertained 


Not  ascertained 
Not  ascertained 
Not  ascertained 


Not  ascertained 
Geo.  H.  Barrus 
Geo.  H.  Barrus 


Not  ascertained 
Not  ascertained 
Not  ascertained 


Makers 
'Engine  Tes"ts".  No.  13 
'EOngine  Tests".  No.  24 


13.15 
10.0 
12.0 


4820 
1740 
3018.6 


26.35 
32.67 
32.71 


253.4 

246 

248.4 


15204   0.3196  0.3060  O.OW- 
14760   0.1179   0.II97  i  O.W 
14904   0.1353  0.13!4  0.t»-- 


SIMPLE  LOCOMOTIVE  ENGINES 


Two  Cylinder  Slide  Valve 


Purdue  Univ..  Laboratory   W. 
Lata.vette.  Ind. 


'High  Steam  Pressures  in 
Locomotive  Service"  No. 
20-8-120 


TABLE  4 
ion  From  Indicator  Diagrams  Taken  From  Non-Jacketed  Steam  Engines 
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:r 


^ 

^Wl  ,. 

>.2i.-5 

l-Ml 

S   3   t^   K 

EhW      t^ 

ss+3 

SS-5 

£« 

Weight  of  Steam 


0.2 


Hag 
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JSS.  9- VALVE.  AlvD  i-YAL.VE.  XON-CONDENSING  ENGINES 


3C6.S 

^.r: 

T4.7 

4482 

1.890 

1.666 

0.130 

2.020 

0.825 

1.098 

65 

0.767 

-7.0 

2.172 

2.042 

9160 

30.00 

+8.1 

0.790 

-4.2 

2.110 

1.980 

8880 

29.18 

+4.8 

E 

Reproductions  of  diasjrams  used,  said  to  be  representative 

306.5 

S.8D 

61.8 

3888 

3.362 

2.822 

0.167 

3.529 

0.801 

1 .  108 

75 

0.795 

—0.7 

3.551 

3.384 

131.50 

25.98 

+0.7 

0.804 

+0.4 

3.5!3 

3.345 

13000 

25.57 

-0.5 

E 

Reproductions  of  diagrams  used,  said  to  be  representative 

Sfi.t 

S9.03 

64.7 

3882 

1.736 

1.402 

0.116 

1.852 

0.757 

1.051 

75 

0.732 

-3.3 

1.915 

1.799 

6985 

30.06 

+3.6 

0.733 

-3.2 

1.913 

1.797 

6980 

30.02 

+3.5 

E 

Reproductions  of  diagrams  u.sed,  said  to  be  representative 

310.1 

».64 

153.9 

9174 

0.8670 

0.7290 

0.0635 

0.930.5 

0.784 

1.131 

70 

0.816 

+4.1 

0.8935 

0.8300 

7615 

24.53 

-4.2 

0.833 

+6.3 

0.8753 

0.8117 

7445 

24.00 

—6.4 

0 

Reproductions  of  diagrams  used,  said  to  be  representative 

50.2 

37.43 

79.f 

4788 

0.3925 

0.3732 

0.0607 

0.4532 

0.603 

0.964 

60 

0.586 

-2.8 

0.4666 

0.4058 

1912 

38.69 

+3.3 

0.624 

+3.5 

0.4381 

0.3774 

1S07 

36.00 

-3.8 

C 

Reproductions  of  diagrams  used,  said  to  be  representative 

9T.9 

34. M 

263 

15780 

0.1491 

0.1377 

0.0242 

0.1733 

0.794 

1.076 

120 

0.769 

—3.1 

0.1791 

0.1549 

2440 

24.92 

+3.7 

0.764 

-3.8 

0.1802 

0.1560 

2461 

25.15 

+4.6 

0 

Blue-print  of  tracings  furnished,  said  to  be  representative 

79.* 

23.T1 

258 

15180 

0.1213 

0.09.59 

0.0160 

0.1373 

0.698 

1 .034 

115 

0.717 

+2.7 

0.1337 

0.1177 

1822 

23.01 

-3.0 

0.711 

+1.9 

0.1319 

0.1189 

1810 

23.22 

—2.0 

E 

Blue-print  of  tracings  furnished,  said  to  be  representative 

41. T 

23.90 

360 

1.5600 

0.0639 

0.0537 

0.C260 

0.0S99 

0.598 

0.931 

125 

0.587 

—  1.8 

0.0915 

0.0655 

1021 

24.50 

+2.4 

0.583 

-2  5 

0.0931 

0.0661 

1031 

24.72 

-3.4 

C 

Blue-print  of  tracings  furnished,  said  to  be  representative 

S.S 

S6.87 

363 

15780 

0.0439 

0.0102 

0.0351 

0.0790 

0.509 

0.868 

130 

0.511 

+0.4 

0.0787 

0.0436 

688 

26.68 

-0.7 

0.501 

—  1.0 

0.0798 

0.0417 

705 

27.32 

--1.3 

C 

Blue-print  of  tracings  furnished,  said  to  be  representative 

S«i.43 

35.91 

84.9 

5094 

1.742 

1.420 

0.041 

1.783 

0.797 

1.077 

95 

0.774 

-2.9 

1.835 

1.794 

9140 

26.69 

+3.0 

0  765 

-4.0 

1.856 

1.815 

9245 

37.00 

--4.2 

C 

Reproductions  of  diagrams  used,  said  to  be  representative 

*13.* 

M.08 

1656 

9936 

0.4735 

0.3890 

0  0330 

0.5065 

0.768 

1.095 

63 

0.759 

—1.2 

0.5125 

0.479.5 

1762 

22.32 

+  1.2 

0.788 

+2.6 

0.4937 

0.4607 

4577 

21.45 

-2.8 

c 

Reproductions  of  diagrams  used,  said  to  be  representative 

Mt.l 

28.93 

164.4 

9864 

0.6137 

0.5657 

0.0712 

0.6849 

0.826 

1.116 

63 

0.785 

-5.0 

0.7202 

0.6490 

6102 

30.60 

+5.8 

0.814 

-1.5 

0.6947 

0.6235 

61.50 

39.40 

+  1.7 

E 

Reproductions  of  diagrams  used,  said  to  be  representative 

6:3.1 

•1.44 

61 

3660 

3.602 

3.1-10 

0.080 

3  682 

0.853 

1.149 

80 

0.853 

+0.0 

3.683 

3.603 

13187 

21.44 

+0.0 

0.854 

+0.1 

3.677 

3.597 

13160 

21.40 

-0.2 

C 

Reproductions  of  diagrams  used,  said  to  be  representative 

S.19 

53.3 

3198 

3.633 

2.835 

0.093 

3.726 

0.761 

1.071 

74 

0.749 

-1.6 

3.785 

3.692 

11810 

22.57 

+  1.7 

0.758 

—0.4 

3.740 

3.647 

11655 

22.28 

+0.4 

E 

Reproductions  of  diagrams  used,  said  to  be  representative 

5ei.l 

S5.43 

60. 2T 

3616.2 

3.953 

2.860 

0.250 

4.203 

0.680 

1.048 

68 

0.709 

+4.3 

4.033 

3.783 

13685 

21.33 

—4.3 

0.729 

+7.2 

3.922 

3.672 

13280 

23.63 

—7,1 

C 

Reproductions  of  diagrams  used,  said  to  be  representative 

OUlfD  (XINDENSING  ENGINES— H.  P.  CYLINDERS 


433.5 

13.00 

73.83 

4330 

1.481 

1  244 

0.1012 

1.582 

0.786 

1.079 

100 

0.777 

—1.1 

1.600 

1.4988 

6820 

15.73 

+1.2 

0.767 

—2.4 

1.621 

1.5198 

6915 

15.95 

+2.6 

C 

Blue-print  of  tracing  furnished,  and  was  representative 

sja.s 

14. SO 

123.3 

7398 

1.173 

1.023 

0.1490 

1.322 

0.774 

1.060 

120 

0  749 

-3  2 

1.366 

1.2170 

9005 

14.09 

+3.8 

0.744 

-3.9 

1.375 

1.336 

9070 

U.19 

+1.6 

C 

Blue-print  of  tracing  furnished,  and  was  representative 

140.78 

14  36 

47.88 

2879 

0  6970 

0.5492 

0.0218 

0.7188 

0.764 

1.047 

130 

0.728 

-4.7 

0.7543 

0.7324 

2109 

14.97 

+5.1 

0.728 

—4.7 

0.7.542 

0.7321 

3109 

14.97 

+5.1 

C&E 

Reproductions  of  diagrams  used,  said  to  be  representative 

ASSIGN  CXJNDENSING  ENGINES— I.  P.  CYLINDERS 


1639.6     2.T87 


+10.6 


Reproductions  of  diagrams,  said  to  be  representative.  Speed 
and  Cut-oft  pressure,  outside  the  limits  of  investigation. 


'EED  SINGLE- VALVE.  NON-CONDENSING  ENGINES 


iM.e  !  2e.£ 

S3.»   32.67 
•1.7  :  32.71 


15204 

u-eo 

14904 


0.3196 
0.1179 
0.1353 


0.3060 
0.1197 
0.1314 


0.0948 
0.0613 
0.0591 


0.4144 
0.1792 
0.1947 


1.027 

110 

0.710 

-3.9 

0.970 

85 

0  037 

-  4.8 

0.985 

74 

0.611 

—5.0 

0.4310 
0.1879 
0.3^50 


27.70 
35.10 
35.19 


+6.1 
-j-7.5 
+7.5 


0.703 
0.631 
0.650 


0.4352 

0.1898 
0.2031 


0.3101 
0.1285 
0.1427 


28.03 
35.61 
34.48 


Blue-prints  of  tracings  furnished,  said  to  be  representative 
Reproductions  of  diagrams  used,  said  to  be  representative 
Reproductions  of  diagrams  used,  said  to  be  representative 


SIMPLE  LOCOMOTIVE  ENGINES 


Original  diagra 


furni.shed  as  representative 


CLAYTON— NKW  ANALYSIS  OF  CYLINDKR  I'lOUFOllMANCK  '^  I 

Analysis  201  shows  an  application  the  conditions  of  speed 
and  cut-off  pressure  of  which  are  far  outside  of  the  limits  exam- 
ined. The  values  given  were  obtained  by  extrapolating  as 
straight  lines  the  lower  portions  of  the  curves  of  constant  value 
of  .?•<  in  the  chart  of  Fig.  ().  Although  the  speed  is  only  27.66 
r.  p.  m.  and  the  cut-off  pressure  only  38.5  lb.  absolute,  the  value  of 
,7V  by  chart  was  determined  as  0.470,  while  the  value  by  test  is 
0. 508,  a  difference  of  7. 5  per  cent  based  on  the  test  value  of  Tc  .  This 
application  is  given  to  show  that  an  extrapolation  of  the  method 
to  unusual  conditions  of  speed  and  cut-off  pressure  does  not  lead 
to  absurd  results,  although  it  is  not  nearly  as  accurate  as  the  ap- 
plications to  speeds  higher  than  50  r.  p.  m. 

The  results  of  the  applications  made  up  to  the  present  time, 
with  the  restricting  conditions  imposed,  tend  to  show  that  the 
steam  consumption  of  engines  may  be  approximated  from  the  in- 
dicator diagram  to  within  an  average  difference  of  less  than  4 
per  cent  from  the  test  results.  Individual  examples,  however, 
may  show  as  much  as  8  per  cent  difference  in  rare  cases. 

16.  Directions  for  Applying  the  Method  to  Engine  Testing.— The 
manner  of  applying  the  method  to  the  class  of  engines  tested  is 
be.st  illustrated  by  taking  an  actual  case  and  tracing  the  steps 
necessary  to  a  determination  of  the  steam  consumption.  It  is  to 
be  remembered  that  the  method  accounts  for  the  actual  weight 
of  steam  and  water  present  in  one  revolution  only  as  represented 
by  the  set  of  diagrams  analyzed. 

The  set  of  diagrams  to  be  analyzed  is  selected  in  different 
ways,  according  to  the  test  conditions.  If  the  load  on  the  engine 
to  be  tested  is  fairly  uniform,  and  if  the  average  steam  consump- 
tion over  a  period  of  time  be  desired,  one  set  of  diagrams 
taken  simultaneously  is  selected  after  the  manner  described  in 
detail  in  Appendix  3,  p.  97.  This  method  briefly  is  as  follows:  all 
diagrams  taken  over  a  period  of  time  at  equal  intervals  are  in- 
tegrated and  the  mean  effective  pressure  of  each  diagram  obtain- 
ed. The  combination  of  one  set  of  diagrams  is  sought  neai-est  to 
the  average  mean  effective  pressure  and  taken  at  the  average 
steam  pressure.  This  set  is  taken  to  represent  the  mean  condi- 
tion of  power  and  is  the  set  to  be  analyzed.  If  the  load  is  ex- 
tremely variable,  the  diagrams  must  be  separated  into  groups  of 
similar  cut-off  values,  and  one  set  from  each  group  analyzed  as 
outlined  for  the  uniform  load  condition. 

If  it  be  desired  to  obtain  a  water-rate  curve,  the  engine  is 
operated  under  various  loads,  ranging  from  no-load  to  full-load, 
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and  one  set  of  diagrams,  taken  simultaneously  is  obtained  at  each 
load.  Each  set  is  analyzed  and  the  result  used  to  obtain  the 
usual  water-rate  curve.  In  this  case,  no  average  diagrams  are 
necessary  as  only  the  steam  consumed  at  each  load  is  desired. 

It  is  now  assumed  that  the  set  of  diagrams  to  be  analyzed  is 
selected,  that  they  are  taken  from  a  single-cylinder  non- jacketed 
non-condensing  Corliss  engine,  28Mn.  x  59 j  in.,  the  engine  se- 
lected as  an  example  being  analysis  102  in  Table  4. 

Logarithmic  diagrams  of  both  indicator  diagrams  are  con- 
structed as  described  in  detail  in  Appendix  1.  The  average  value 
of  n  from  the  expansion  curves  of  the  headend  and  crank- end 
diagrams  is  then  found  to  be  1.108,  and  the  average  cut  off  pres- 
sure 75  lb.  per  sq.  in.  absolute. 

The  next  step  is  to  examine  Fig.  6  and  locate  the  intersection 
of  the  vertical  line  for  the  value  of  7i= 1.108  with  the  horizontal 
line  for  the  value  of  the  absolute  cut-off  pressure  of  75  lb.  This 
intersection  is  seen  to  be  half-way  between  the  "lines  of  constant 
quality"  of  0.79  and  0.80,  giving  a  value  of  0.795.  This  means 
that  the  steam  accounted  for  by  the  indicator  as  being  present  in 
the  clearance  and  displacement  spaces  up  to  cut-off  is  pres- 
ent at  a  quality  of  0.795,  or  that  it  contains  water  to  the  amount 
of  0.205. 

From  the  logarithmic  diagram,  it  is  found  that  the  head-end 
of  the  cylinder  contains  8.57  cu.  ft.  of  steam  at  the  average  cut- 
off pressure  of  75  1b.  absolute,  while  the  crank- end  contains  7.83 
cu.  ft.,  making  a  total  of  16.40  cu.  ft.  From  the  Marks  and  Davis 
steam  tables,  the  specific  value  of  steam  at  75  lb.  pressure  is  5.81 
cu.  ft.  per  lb.,  thus  accounting  for  2.822  lb,  of  dry  steam.  This 
weight  at  the  quality  of  0.795  equals  3.551  lb.,  the  total  weight 
of  steam  and  water  present  per  revolution .  In  a  similar  man- 
ner, from  the  logarithmic  diagram,  as  described  in  Part  II,  chap- 
ter X,  it  is  found  that  the  total  weight  of  dry  steam  retained  in 
the  compression  in  both  ends  equals  0.1671b.  This  compression 
steam  is  present  in  the  amount  accounted  for  at  cut-off  so  that  the 
net  weight  of  steam  passing  through  the  cylinder  per  revolution 
is  3.551 — 0.137,  or  3.384  lb.  As  the  engine  is  I'unningat  64.8  rev- 
olutions per  minute,  or  3888  revolutions  per  hour,  the  total  steam 
consumed  per  hour  equals  3888x3.384=13150  lb.  From 
the  diagrams,  the  indicated  horsepower  is  found  to  be  506.5,  thus 
the  steam  consumption  is  determined  at  25.96  lb.  peri.  h.  p. 
hour,  while  the  condenser  test  of  this  engine  from  which  these 
diagrams  were  taken  shows  a  steam  consumption  of  25.80  1b. 
per  i.  h.  p.  hour,  a  difference  of  0.6  percent. 
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IV.    Conclusions 

The  following  coaclusions  have  been  drawn  from  the  results 
f  this  investigation,  as  applicable  to  non- jacketed  steam  cylin- 
ders in  good  condition  exhausting  at  or  near  atmospheric  pres- 
sure, and  with  the  limitations  imposed  as  given  in  Part  I. 

1.  At  a  given  initial  pressure  and  speed  of  engine,  there  is 
a  definite  relation  existing  between  Xc  and  n,  in  any  one  cylin- 
der, which  is  practically  independent  of  the  cut-off  position. 

"2.  This  relation  is  practically  independent  of  cylinder  size 
and  of  engine  speed;  it  is  therefore  applicable  to  other  cylinders 
of  the  same  type. 

S  By  means  of  the  experimentally  determined  relations  of 
Xr  and  71,  the  value  of  x^  may  be  approximated  from  the  aver- 
age value  of  n  obtained  from  the  expansion  curves  of  one  set  of 
indicator  diagrams,  taken  simultaneously;  therefore  the  actual 
weight  of  steam  present  in  one  revolution  may  be  approximated. 

Jf.  The  actual  steam  consumption  may  be  obtained  by  this 
method  from  the  indicator  diagram  to  within  an  average  of  4  per 
cent  of  the  amount  consumed  as  measured  by  test. 

5.  This  method  has  the  following  advantages  not  possessed 
by  tests:  it  is  more  accurate  than  the  average  test,  and  is  the 
most  accurate  method  available  for  testing  certain  classes  of  en- 
gines; it  virtually  measures  an  instantaneous  rate  instead  of  an 
average  quantity  over  a  long  time,  and  thus  enables  a  large  num- 
ber of  points  to  be  obtained  for  a  water-rate  curve;  it  permits  of 
making  tests  at  frequent  intervals  instead  of  once  in  the  en- 
gine's life;  the  expense  is  not  to  be  compared  with  that  of  an 
equally  accurate  test;  it  involves  no  change  in  the  routine  of  the 
plant  tested. 

Part  II.    The  Logarithmic  Diagram  Applied  to  all 
Elastic  Media 

V.     The  Logarithmic  Diagram 

17.  Ihe  Indicator  Diagram  Plotted  on  Logarithmic  Cross- secti(yn 
Paper. — The  logarithmic  diagram  is  obtained  by  transferring  the 
indicator  or  PF  diagram  to  logarithmic  cross  section  paper.  The 
method  of  transfer  is  as  follows.  The  coordinates  of  the  Pl'-dia- 
gram  are  proportional  to  pressure  and  stroke,  the  latter  being  pro- 
portional to  the  volume  displaced  by  the  piston.  The  coordinates 
of  from  10  to  30  points  on  the   PT'-diagram  are  found  in  terms  of 
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absolute  pressures,  preferably  iu  lb.  per  sq.  in.,  and  of  absolute 
volumes,  preferably  in  cu.  ft.  These  points  are  plotted  on  log- 
arithmic cross  section  paper  and  are  connected  by  a  smooth 
curve,  forming  a  figure  which  will  be  called  the  logarithmic  dia- 
gram. Fig.  9  shows  the  logarithmic  diagrams  derived  from  the 
PF-diagrams  of  Fig.  15. 
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18.  The  Form  of  Expansion  and  Compression  Curves  from  Prac- 
tice.— About  300  PV  diagrams  from  engines  using  steam,  gas,  air,, 
and  ammonia  have  been  examined  to  investigate  the  form  and 
character  of  the  expansion  and  compression  curves.  As  a  re- 
sult, it  may  be  stated  that,  free  from  certain  abnormal  influences, 
expansion  or  compression  of  an  elastic  medium  takes  place 
in  the  cylinders  of  reciprocating  engines  substantially  according 
to  the  law,  PV'^=C. 

19.  Mathematical  Relations  of  the  Law,  PV"^=C. — The  equa- 
tion of  the  polytropic  curve,  PV^  —C,  when  plotted  on  rectangu- 
lar cross-section  paper,  gives  a  curve  depending  for  its  form  and 
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position  on  the  values  of  P,    T,   n,  and   C.     When  this  curve  is 
plotted  on  logarithmic  paper,  it  becomes  a  straight  line,  depend- 
ing for  its  slope  on  the  value  of  n  and  for  its  position  upon  the 
value  of  C.     The  relations  for  such  curves  follow. 
Given 

PV"  =  G 
Taking  the  logarithm  of  both  terms 

log  F  +  n  log  V  =  log  0 
Transposing 

log  P=—  n  log    V^+  log  C (1) 

This  equation  is  of  the  form  of  the  straight  line 

y  —  mx  -\-  b 
where 

;/  =  log  F 

m  =  —71 

X  =  log  V 

b  =  log  C 
Thus  m—  —n,  the  slope;  or  measure  of  inclination    of  the 
line  to  the  axis,  log  V.     In  Fig.  9,  for  example,  at  a  point  X  on 
the  line 

log  P=  —  n  log  r  +  log  C, 
draw  OX  parallel  to  the  axis  log  P,  and  draw  OY  parallel  to  the 
axis  log  V.     The  slope  of  the  line  will  be  the  value  of  the  ratio 

OX 
-TTT  ~  — ^^-     OF  is  negative,  being  measured  to  the  left,  giving 

n  its  negative  sign. 

20.  Use  of  the  Logarithmic  Diar/ram. — The  logarithmic  dia- 
gram forms  the  basis  of  the  methods  of  analyzing  the  cylinder 
performance  of  reciprocating  engines  which  are  developed  in  de- 
tail in  the  following  pages.  These  methods  apply  only,  how- 
ever, to  the  logarithmic  diagrams  derived  from  the  cylinders  of 
reciprocating  engines  using  an  elastic  fluid  for  the  working  med- 
ium, and  having,  as  a  part  of  the  cycle  of  operation,  an  expan- 
sion, a  compression,  or  both.  The  figures  of  one  set  of  indicator 
diagrams  and  the  corresponding  set  of  logarithmic  diagrams  are 
numbered  the  same,  but  the  letters  a  and  b  are  used  in  addition 
to  the  figure  number  to  denote  the  indicator  and  logarithmic  dia- 
grams, respectively. 
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VI.     Rational  Method  of  Approximating  Clearance 

21.  In  the  cases  of  the  g^reat  majority  of  the  PT '-diagrams 
which  were  examined,  the  expansion  and  compression  curves  be- 
came straight  lines  in  the  logarithmic  diagram,  showing  that  the 
law  PV"^  =  (7  was  applicable,  or  in  other  words,  that  n  was  a  con- 
stant for  one  curve.  The  clearances  furnished  with  the  diagrams 
examined  had  been  carefully  found  by  the  displacement  method. 

It  was  desired  to  see  what  forms  the  lines  assumed  when  the 
clearance  was  taken  larger  or  smaller  than  the  measured  quan- 
tity. Tlie  diagram  shown  in  Fig.  10a,  taken  from  a  42  in.  x60  in. 
gas  engine,  was  used  for  this  purpose.  The  true  clearance,  mea- 
sured as  18.0  per  cent,  was  used  in  the  full  logarithmic  diagram 
of  Fig.  106.  Trials  were  made  with  clearances  assumed  as  14.0, 
16.0,  20.0  and  22.0  per  cent  of  the  piston  displacement.  With  the 
true  clearance  of  18.0  per  cent,  the  curves  became  almost  perfectly 
straight  lines,  while  with  the  values  of  clearance  less  than  18.0 
per  cent,  it  is  seen  that  the  lines  become  bent  to  the  left,  and 
with  values  of  over  18.0  per  cent,  the  lines  become  bent  to  the 
right.  Hence  the  straight  line  for  the  value  of  18.0  per  cent  is  the 
transition  between  the  family  of  curves  bending  to  the  left,  rep- 
resenting a  clearance  smaller  than  the  real  value,  and  the  family 
of  curves  bending  to  the  right,  representing  a  clearance  larger 
than  the  real  value. 

The  practical  significance  of  this  fact  is  that  there  is  now 
available  a  rational  method  of  approximating  the  clearance  of 
any  cylinder  using  an  elastic  medium,  which  has,  as  a  part  of  the 
cycle  of  operation,  an  expansion  or  a  compression.  This  method 
is  based  on  the  fact,  already  mentioned,  that,  in  practice,  all 
elastic  media,  except  under  certain  exceptional  conditions,  obey 
substantially  the  law  PT"  =  C,  when  subject  to  change  of  state, 
and  therefore  become  straight  lines  in  the  logarithmic  diagram. 

22.  Graphical  Method  of  Approximating  Clearance. — The 
graphical  method  of  approximating  clearance  requires  only  the 
scale  of  the  indicator  spring  to  be  known,  and  the  atmospheric 
line  to  be  drawn,  in  order  to  locate  the  zero  line  of  pressure.  The 
exact  order  of  procedure  necessary  to  make  a  trial,  and  the  de- 
gree of  accuracy  obtained  in  any  given  case,  is  shown  in  detail  in 
page  35  for  a  25t  in.  x  37f  in.  gas  engine.  All  that  is  necessary  is 
to  assume  different  values  of  clearance,  and  to  plot  the  logarithmic 
diagram  for  each  assumed  value.  The  straight-line  position  of 
the  curves  is  found  by  trial  and  error,  to  lie  between  the  two  di- 
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Fig.  lOa     (Scale— 160  lb.) 
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verging  families  of  curves  representing  too  small  and  too  large 
clearance. 

It  follows  also  from  the  curves  shown  by  Fig.  10&  that  the 
clearance  being  knowm,  the  scale  of  the  spring  used  may  be  ob- 
tained in  the  same  manner  if  the  atmospheric  line  is  given, 

23.  Mathematical  Method  of  Approxiinating  Clearance. — The 
results  obtained  from  the  graphical  method  of  trial  and  error 
may  also  be  accomplished  by  the  use  of  the  purely  mathematical 
process  upon  which  the  method  depends. 

When  the  law  PV'^  —  C  holds,  ii  is  a  constant  for  any  part  of 
the  curve.  When  the  wrong  clearance  is  used,  the  law  PV"'  =  C 
does  not  hold,  and  n  varies  from  point  to  point.  In  the  graph- 
ical method,  trials  of  various  values  of  clearance  are  made,  until 
the  curve  becomes  approximately  a  straight  line;  this  resultant 
straight  line  is,  ttierefore,  the  law  PV'^  =  C,  in  which  n  is  a  con- 
tant  for  all  parts  of  the  curve.  The  one  condition  necessary  to  be 
fulfilled,  therefore,  is  that  n  be  constant  for  all  parts  of  the  curve, 
but  not  of  any  particular  value. 

24.  Application  of  the  Mathematical  Method. — To  illustrate  the 
use  of  the  mathematical  method  in  Fig.  106,  let  us  assume  several 
points,  PJ^i,  Po^  2)  ^3^:3!  and  P^T'^  at  various  intervals  on  one  of 
the  curves,  as  on  the  compression  curve  at  the  clearance  value  14.0 
per  cent.  It  is  desirable  for  convenience  to  locate  the  points  at 
about  equal  intervals  as  shown.  The  law  PV'^  =  C  is  assumed  to 
hold.  Then,  for  two  points,  Pil'i  and  P2F2,  called  group  a,  we 
have 

P^y^'  =  C 

Pol'./  -   C 

Equating  these,  we  obtain 

p,y,-  =  p,\\- 

Transposing  and  dividing 

Taking  logarithm  of  both  sides 

n(log  T'2  -  log  T'l)  =  log  Pi  -  log  P-2 
whence 

^logPi-logPo  (  ) 

log  T.2-  log  Ti 
In  the  same  manner  for  the  points  P3K3  and  P4F4  called  group 
&,  we  obtain 


ni 


_  log  P3  -  log  P. 

log  T'4-  log  y. 


(2) 
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For  the  correct  value  of  clearance,  the  following  condition  must 
be  fulfilled  by  trial  and  error 

na  =  nb (3) 

The  values  of  the  logarithms  of  the  coordinates  of  all  points 
are  then  found,  and  the  values  of  )i„  and  iib  computed.  If  the 
points  are  located  in  the  order  shown,  then  with  too  small  a  clear- 
ance, iia  is  lower  in  value  than  n  b.  A  larger  value  of  clearance 
is  then  assumed,  the  operation  being  merely  to  add  a  constant 
number  to  the  values  of  Tj,  T'..,,  I'g,  and  IV  The  process  is  re- 
peated until  the  value  of  Ua  becomes  practically  equal  to  nb. 
When  the  clearance  is  assumed  too  large,  iia  becomes  higher  in 
value  than  m  ,  indicating  that  the  true  value  has  been  passed. 

25.  Comparison  of  the  Two  Methods. — The  trial  by  the  mathe- 
matical method  is  neither  as  accurate  nor  as  short  as  the  graph- 
ical method.  It  is  not  as  accurate  because  the  points  assumed 
may  not  be  representative.  When  this  is  the  case,  the  graphical 
method  allows  judgment  to  be  exercised  in  selecting  the  straight- 
line  position,  thereby  eliminating  irregularity  of  points. 

The  question  arises  as  to  whether  the  form  of  the  lines  due 
to  wrong  clearance  can  be  distinguished  from  the  form  due  to  leak- 
age or  to  "hooks",  on  the  logarithmic  diagram.  This  case  is 
treated  in  chapter  IX. 

The  curve  of  the  P7-diagram  nearest  the  clearance  space, 
or  the  compression  curve  in  Fig.  106,  is  generally  the  better 
guide  in  the  graphical  trials.  This  is  well  shown  in  Fig.  10&.  A 
given  difference  in  the  value|  of  clearance  used  for  trial  causes 
more  horizontal  variation  in  the  position  of  the  compression 
curve  than  in  the  expansion  curve.  This  fact  allows  closer  lo- 
cations of  the  straight-line  transition  region  to  be  made  from  the 
compression  curve  than  from  the  expansion  curve. 

26.  Examples. — It  was  desired  to  determine  the  clearance 
of  the  diagram  shown  in  Fig.  11a.  From  general  knowledge  of 
this  class  of  engines,  a  trial  by  the  graphical  method  was  made 
in  Fig.  lib  with  the  clearance  assumed  as  12.4  per  cent,  a  value 
purposely  assumed  as  being  too  small.  This  value  is  seen,  by  the 
bending  of  both  curves  to  the  left,  to  be  much  too  small.  Trials 
were,  therefore,  made  with  the  clearance  assumed  as  13.8,  15.1. 
and  16.0  per  cent  of  the  piston  displacement.  The  values  of  15.1 
per  cent  gave  practically  perfect  straight  lines  for  both  the  ex- 
pansion and  compression  curves,  while  the  value  of  16.0  per  cent 
shows  that  the  lines  have  begun  to  bend  to  the  right,  indicating 
too  large  a  clearance.     By  inspection,  it  will  be  seen  that   the  re- 
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gion  of  fairly  straight  lines  may  be  located  as  lying  between  the 
values  of  about  14.5  per  cent  to  15.5  per  cent.  The  clearance  is, 
therefore,  selected  as  15,0  per  cent,  a  value  which  may  be  high 
or  low  by  not  more  than  4  per  cent  in  this  case.  This  clearance 
value,  15.0  per  cent,  is  a  common  value  for  engines  of  this  class. 
The  graphical  method  is  more  accurate  for  large  clearances, 
measured  in  per  cent  of  the  piston  displacement,  than  for  small 
ones.  The  closeness  of  location  of  the  straight-line  region,  lying 
between  the  two  families  of  diverging  curves,  will  be  found  to  be 
within  5  per  cent  to  10  per  cent  of  the  clearance  volume,  for  val- 
ues of  clearance  between  20  per  cent  and  2  percent,  respectively, 
of  the  piston  displacement. 

VII.     Rational  Method  of  Locating  the  Stroke 
Position  of  Cy^clic  Events 

27.  It  is  often  desirable  to  know  at  what  part  of  the 
stroke  the  cyclic  events  occur.  This  knowledge  can  be  best  ob- 
tained from  the  PF-diagram.  For  ordinary  purposes,  these  events 
can  be  closely  located  in  most  cases  by  inspection  on  the  P  F-dia- 
grams  themselves;  thus,  on  a  diagram  from  a  Corliss  engine,  cut- 
off may  generally  be  located  to  within  1-16  in.,  measured  along 
the  length  of  the  diagram. 

The  actual  beginning  of  true  compression,  however,  can 
never  be  accurately  located  on  the  PF-diagram.  True  compres- 
sion, unaffected  by  leakage,  begins  after  the  exhaust  valve,  in 
closing,  has  acquired  enough  seal  to  prevent  leakage.  The  point 
of  the  beginning  of  true  compression  is  generally  at  least  5  lb. 
above  the  back  pressure.  The  point  at  which  leakage  ceases  can- 
not be  located  on  the  PF-diagram  because  the  curve  of  true  com- 
pression, and  the  curve  during  the  time  the  valve  has  insufficient 
seal,  are  of  the  same  direction  of  curvature,  and  are  not  reverse 
curves  as  in  the  general  case  of  admission  and  expansion. 

The  fact  that  expansion  and  compression  of  a  constant  weight 
of  medium  take  place  according  to  the  law,  PV"  =C,  thus  becom- 
ing straight  lines  in  the  logarithmic  diagram,  enables  us  to  locate 
cyclic  events  very  closely,  even  in  cases  where  they  cannot  be  de- 
tected at  all  in  the  PF-diagram. 

28.  Application. — An  example  is  shown  in  Pig.  23«,  contain- 
ing locomotive  PF- diagrams  taken  at  short  cut-off  and  high 
speed.  The  events  of  cut-off,  release,  compression,  and  lead 
are  very  difficult  to  locate  on  such  diagrams.      These    events 
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are  located  on  the  logarithmic  diagram  in  Fig.  23&  by  noting 
when  the  expansion  and  compression  curves  become  straight,  in- 
dicating a  constant  weight  of  steam  mixture. 

A  sufficient  number  of  points  are  plotted  to  show  clearly  the 
direction  of  the  diagram  near  the  events  desired.  Thus  these 
events,  even  though  obscure  in  the  PF-diagram,  may  be  located 
to  well  within  about  1-16  in.  in  the  logarithmic  diagram,  this 
length  being  equivalent  to  about  1-32  in.  when  re-transferred  to 
the  PF-diagram  itself. 

The  use  of  this  method  has  one  great  advantage  in  that  it 
largely  eliminates  the  variable  element  of  personal  judgment.  It 
is  a  common  occurrence  to  see  PF-diagrams  where  two  persons 
have  located  an  event  such  as  cut-off,  iin.  apart,  each  location  be- 
ing the  best  judgment  of  the  person  doing  the  work.  The  loga- 
rithmic diagram  will  at  all  times  give  closer  locations  of  events 
for  these  reasons  than  will  the  PT  -diagrams. 

The  method  also  allows  the  point  of  true  compression  to  be 
located,  the  location  of  which  is  practically  impossible  in  the  PV- 
diagram. 

VIII.     Rational  Method  of  Detecting  Leakage 

The  law  PV^  =  (7  is  applicable  only  to  cases  where  the  weight 
of  the  working  medium  remains  practically  constant  during  any 
expansion  or  compression.  When  this  weight  changes  materially, 
either  by  leakage  into,  or  out  from,  the  cylinder  containing  the 
medium,  the  resulting  expansion  or  compression  no  longer  obeys 
the  law,  and  it  becomes  a  curve  on  logarithmic  cross-section 
paper.  This  fact  is  very  clearly  shown  in  the  curves  of  the  log- 
arithmic diagram  derived  from  cylinders  in  which  large  leaks 
were  known  to  exist. 

29.  Examples  of  Knoivn  Leakage,  (a)  Gas  Engine. — The 
first  case,  shown  in  Fig.  12&,  occurred  in  a  10  in.  x  19  in.  gas 
engine,  intended  for  producer  gas,  but  using  illuminating  gas 
at  high  compression.  The  piston,  a  single-acting  trunk  type, 
allowed  a  large  leak,  clearly  detected  by  the  noise  of  escaping 
gas,  at  the  beginning  of  the  stroke.  Both  the  compression  and 
expansion  curves  show  the  effect  of  this  leak  in  a  clear  manner 
when  transferred  to  the  logarithmic  form.  After  that  portion  of 
the  stroke  was  reached  where  no  sound  of  leakage  was  heard,  the 
two  curves  became  straight  lines.  This  indicated  very  clearly 
that  the  effect  of  leakage,  if  appreciable,  may  be  detected  in   the 
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Fig.  12a.    (Scale— 190  lb.) 
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form  of  the  curves  of  the  logarithmic  diagram. 

(b)  Steam  Engine. — The  second  case,  shown  in  Fig.  13&,  is 
from  a  14  in,  x  35-in.  Corliss  engine.  The  knowledge  of  the  leaky- 
condition  of  the  piston  and  valves  came  from  the  engineer  in 
charge. 

The  expansion  and  compression  lines  indicate  by  their  form 
at  the  upper  ends,  a  large  leak  from  the  cylinder,  or  through  the 
exhaust  valve.  The  lines  also  show,  by  the  rising  of  the  curves 
at  the  lower  ends,  a  considerable  addition  to  the  steam  in  the 
cylinder  during  expansion  and  compression.  This  steam  could 
come  only  from  a  large  leak  in  the  steam  valve.  The  seven  other 
diagrams  taken  from  this  same  engine  all  show  the  effect  of  leak- 
age in  a  similar  manner. 

(c) Ammonia  Gompressor. — The  third  case  of  known  leakage, 
shown  in  Fig.  14?>,  is  from  an  11  i  in.  x  22-in.  double-acting  am- 
monia compressor.  This  cylinder  was  known  to  be  in  very  bad 
condition  as  regards  wear  and  leakage  of  piston  and  valves.  The 
re-expansion  curves,  by  the  enormous  amount  of  re-expansion 
shown,  indicate  large  leakage  into  the  cylinder  during  this  oper- 
ation. The  lower  part  of  the  compression  curves,  by  rising,  in- 
dicates leakage  into  the  cylinder,  either  past  the  piston  or 
through  the  discharge  valves.  The  upper  part  of  these  curves 
indicates  leakage  from  the  cylinder,  either  past  the  piston  or 
through  the  suction  valves:  These  three  examples  show  abnor- 
mal conditions  which  are  comparatively  rare. 

Very  smooth  curves  may  be  obtained  in  the  PF-diagram  even 
if  there  is  large  leakage  taking  place.  This  is  seen  by  referring 
to  Fig.  13a,  both  the  expansion  and  compression  curves  being 
fairly  regular.  The  logarithiuic  diagram,  however,  shows  clear- 
ly, in  connection  with  the  discussion  and  the  examples  shown, 
that  large  leakage  of  two  kinds  was  taking  place  during  expan- 
sion and  compression.  Leakage  which  occurs  during  admission 
or  during  exhaust  has  no  effect  upon  the  lines  of  the  diagram  as 
the  weight  of  the  medium  is  continually  changing. 

30.  Method  of  Detecting  Leakage. — It  is  seldom  found, 
when  leakage  occurs  in  a  cylinder,  that  only  one  source  of  leak- 
age exists.  Leakage  is  usually  the  result  of  wear,  which  affects 
most  of  the  possible  sources  of  leakage  in  about  an  equal  propor- 
tion. As  a  result,  several  leaks  are  generally  affecting  the 
curves.  This  is  the  case  in  Fig.  13&  and  14?;.  In  Fig.  13&, 
leakage  was  taking  place  both  into  and  out  from  the  cylinder. 

In  discussing  leakage,  it  must  be  kept  in  mind  that  difference 
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Fig.  13'i.    (Scale— 10  LB. 
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Fig     14a    (=;cai.e— 168  lb.) 
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in  pressure  between  two  regions  is  the  cause  of  this  phenomenon. 
In  the  steam  engine,  there  are  three  pressures  which  must  be 
considered,  i.  e.,  the  pressure  in  the  steam  chest,  in  the  cylinder 
at  the  point  discussed,  and  in  the  exhaust  passage.  Leakage, 
being  due  to  difference  of  pressure,  becomes  material  only  when 
this  difference  becomes  considerable.  Thus  leakage  into,  or  out 
from  a  steam  cylinder  has  been  found  to  occur,  in  most  cases,  only 
when  the  pressure  difference  is  over  about  20  lb.  In  Fig.  13&,  the 
leakage  into  the  cylinder,  shown  by  the  lower  parts  of  the  lines, 
begins  to  occur  at  about  25  lb.  absolute,  or  35  lb.  lower  than  the 
pressure  at  admission.  The  leakage  out  from  the  cylinder, 
shown  by  the  upper  parts  of  the  lines,  ceases  to  occur  at  a  pres- 
sure of  about  40  lb.  absolute  for  the  expansion  curve,  and  be- 
gins to  occur  at  about  25  lb.  absolute  for  the  compression  curve. 
The  difference  of  pressure  between  the  steam  in  the  cylinder  and 
that  in  the  exhaust  passage  is  about  H5  lb.  in  the  first  case,  and 
about  20  lb.  in  the  second  case. 

31.     Division   of   the   Lines  of  Expansion  and    Compression.— 
This  fact,  found  on  many  diagrams  analyzed,  enables  us  to  divide 


CLAYTON — NEW  ANALYSIS  OF  CYLINHER  PERFORMANCE  43 

the  expansion  and  compression  lines  roughly  into  three  equal 
parts  on  the  logarithmic  diagram  (when  these  lines  extend  from 
the  initial  pressure  to  nearly  the  back  pressure):  (1)  the  upper 
third,  influenced  by  leaks  out  from  the  cylinder;  (2)  the  middle 
third,  practically  uninfluenced  by  leakage;  (3)  the  lower  third,  in- 
fluenced by  leakage  into  the  cylinder.  Thus  fairly  reliable  values 
of  n,  free  from  the  effect  of  leakage,  may  be  obtained  from  the 
middle  third  of  the  lines. 

Returning  to  Pig.  136,  both  the  lines  indicate  leaks  out  from 
the  cylinder.  This  can  occur  either  past  the  piston  or  through 
the  exhaust  valves.  The  piston  generally  becomes  leaky  sooner 
than  Corliss  exhaust  valves,  and,  in  this  particular  engine,  one 
of  the  piston  rings  was  found  to  be  broken  upon  examination. 
When  diagi*ams  from  both  ends  of  the  cylinder  are  available,  pis- 
ton leakage  causes  nearly  an  equal  effect  on  the  expansion- 
curves  of  both  ends.  The  leakage  into  the  cylinder  can  come 
from  only  one  source  which  can  influence  the  curves,  i.  e.,  the 
steam  chest.  The  effect  of  this  leak  is  seen  in  both  lines  in  the 
lower  thirds. 

In  Fig.  146,  both  forms  of  leakage  are  shown  in  the  ammo- 
nia compression  curves.  The  lower  thirds  show  leakage  into  the 
cylinder,  either  through  the  discharge  valves  or  past  the  piston. 
The  upper  thirds  of  the  lines  show  large  leakage  from  the  cyl- 
linder,  caused  by  the  condition  of  either  the  suction  valves  or  the 
piston.  Ordinarily,  it  is  not  possible  to  distinguish  between  two 
leaks  occurring  in  the  same  third  of  the  curves. 

32.  Approximation  of  the  Volume  That  Leaked. — Fig.  126 
is  an  example  where  only  one  kind  of  leakage  is  present.  Here, 
the  piston  alone  leaked  badly  at  the  commencement  of  the  stroke. 
The  effect  of  this  leak  is  seen  in  the  upper  third  of  both  lines. 

When  only  one  kind  of  leakage  exists,  it  is  possible  to  com- 
pute with  fair  accuracy  the  volume  of  leakage  taking  place  dur- 
ing expansion  or  compression.  The  lines  are  extended,  as  shown 
in  Fig.  126,  giving  the  lines  of  constant  weights  of  the  medium. 
The  volume  of  gas  that  had  leaked  during  compression,  up  to 
100  lb.  absolute  pressure,  is  then  seen  to  be  0.014  cu.  ft.,  or  6.3 
per  cent  of  the  volume  remaining.  The  volume  of  gas,  measured 
at  the  pressure  of  450  lb.  absolute,  that  leaked  after  combustion 
during  expansion,  is  seen  to  be  0.032  cu.  ft.,  or  18.7  per  cent  of 
the  volume  remaining  after  the  leakage  stopped. 

The  leakage  that  took  place  during  com.bustion  at  the  end  of 
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the  stroke  cannot  be  computed,  but  it  can  be  estimated  by  mak- 
ing the  assumption  that  this  leakage  was  proportional  to  the 
mea-n  rate  of  leakage  shown  by  the  two  curves,  and  that  its  dura- 
tion was  the  time  interval  occurring  between  the  point  A  and  the 
point  B. 

The  important  result  that  is  attained  by  this  method  is  not, 
however,  the  approximation  of  leakage,  but  the  knowledge  that  it 
is  taking  place,  so  that  it  can  be  located  and  stopped. 

33.  The  Use  of  the  Jlethod  in  Testing  for  Max liaum  Economy. — 
Many  engines  are  sold  and  their  prices  fixed  on  the  basis  of  their 
test  performances.  The  importance  to  the  manufacturer  of  being 
able  to  eliminate  leaks  during  this  test  does  not  have  to  be  em- 
phasized. The  engineer  in  charge  of  the  test  should  know 
whether  or  not  the  engine  is  tight  under  regular  operating  con- 
ditions. All  of  our  present  knowledge  of  leakage  is  an  in- 
ference drawn  from  the  leakage  "standing".  Nobody  knows 
whether  an  engine  that  is  tight  ''standing"  leaks  when  in  opera- 
tion, or  vice- versa.  This  method  should  be  applied  to  all  engines 
about  to  undergo  any  test  where  maximum  economy  is  the  object 
desired. 

34.  Knoioledge  as  to  When  General  Repairs  of  the  Cylinder  and 
Valves  Are  Necessary. — Leaks  are  caused  by  wear,  poor  design,  and 
accidents.  The  accidents  include  scoring  of  cylinders  and  valves, 
cutting  of  valves,  and  cracks  in  the  cylinder.  Most  leakage  is 
the  result  of  wear  and  tear  due  to  long  and  hard  use.  After  the 
wear  and  tear  has  become  marked,  it  is  the  custom  to  rebore  the 
cylinder  and  to  resurface  the  valves  and  valve  seats. 

Several  methods  are  in  use  for  determining  when  general 
repairs  are  necessary  for  steam  cylinders.  One  of  these  methods 
is  to  judge  the  time  from  the  general  appearance  of  the  parts  on 
inspection.  Cylinders  are  rebored  by  some  engineers  when  they 
have  worn  "out  of  round"  by  a  given  amount.  In  small  plants, 
the  most  general  method  seems  to  be  to  wait  until  the  leakage  is 
so  large  as  to  become  clearly  noticeable  either  by  the  reduced 
capacity  of  the  unit,  or  by  the  effect  upon  the  coal  pile.  Some 
railroad  compaaies  overhaul  the  cylinders  and  valves  of  locomo- 
tive cylinders  at  regular  intervals  of,  for  instance,  150  000  miles 
of  travel.  Some  cylinders  in  stationary  plants  are  rebored  at 
equal  time  intervals  of  some  four  or  five  years  each. 

As  a  pure  question  of  economy,  other  things  not  considered, 
general  repairs  of  cylinder  and  valves  should  take  place  when  the 
extra  annual  cost  of  fuel  and  water  due  to   leakage  equals   the 
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annual  interest  on  the  money  necessary  for  general  repairs.  The 
total  cost  of  general  repairs  is  composed  of  several  items:  the  ac- 
tual cost  of  the  repairs,  the  cost  of  losing  the  unit  from  service, 
the  interest  on  the  cost  of  the  extra  capacity  that  may  have  to  be 
installed  to  take  the  load  when  units  are  out  of  service,  and  the 
interest  on  the  money  invested  in  the  unit  out  of  service. 

The  existing  methods  of  determining  when  general  repairs 
are  necessary  are  not  standardized  as  regards  economy,  and  the 
personal  judgment  of  the  man  making  the  decision  may  be  liable 
to  great  variation.  The  method  of  detecting  leakage  from  the  lo- 
garithmic diagram  offers  a  more  rational  solution  of  this  impor- 
tant question. 

35.  Leakage  of  Engines. — The  results  of  an  analysis  made  in 
connection  with  this  investigation  by  means  of  logarithmic  dia- 
grams of  296  /T-diagrams  taken  from  the  cylinders  of  47  engines 
indicate  that  the  majority  of  engines,  in  good  condition,  are  prac- 
tically tight  as  regards  leakage  into  or  out  from  the  cylinder. 

IX.  Interpretation  of  the  Logarithmic  Diagram 

In  the  discussions  upon  the  effect  of  wrong  clearance,  leakage, 
and  excessive  condensation  upon  the  lines  of  the  logarithmic 
diagram,  it  was  assumed,  for  the  sake  of  clearness,  that  only  one 
of  these  effects  existed  at  one  time.  The  examples  were  selected 
so  as  to  illustrate  only  one  of  these  effects  in  each  case. 

Cases  occur  where  se\  eral  of  these  effects  exist  at  one  time 
in  the  same  diagram.  The  separation  of  one  effect  from  another 
is  not  an  exact  process.  However,  the  character  of  the  curves 
showing  excessive  condensation,  wrong  clearance,  and  leakage  is 
quite  different.  For  instance,  wrong  clearance  affects  the  lines 
throughout  their  length.  Excessive  condensation,  in  the  cases  of 
the  steam  diagrams  examined,  always  affects  only  the  upper  parts 
of  the  curves.  Leakage,  as  has  been  mentioned,  affects  ma- 
terially only  the  upper  and  lower  thirds  of  the  lines,  where  these 
lines  extend  from  the  initial  pressure  to  nearly  the  back  pres- 
sure. When  excessive  condensation  and  large  leakage  exist  to- 
gether, no  close  approximation  of  the  clearance  can  be  made. 

An  adequate  treatment  of  the  segregation  of  these  various 
effects,  when  found  together,  is  beyond  the  scope  of  this  bulletin. 
The  treatment  is  long  and  complicated.  It  has  been  found,  how- 
ever, that  experience  in  the  use  of  logarithmic  diagrams  enables 
one  to  separate  these  effects  qualitatively,  in  some  cases,  from 
the  form  of  the  expansion  and  compression  curves. 
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The  logarithmic  diagram  is  more  useful  for  analysis  than  any 
other  form  of  diagram  because  of  the  natural  limitations  of  the 
human  mind.  We  do  not  possess  the  power  to  distinguish  be- 
tween curves.  We  are,  however,  able  to  see  clearly  the 
difference  in  these  curves  after  they  have  been  transformed  into 
straight  lines,  which  fact  alone  makes  these  new  methods  of 
analysis  possible.  We  are  now  enabled  in  their  straight-line 
form,  to  comprehend  curves  which  we  have  always  seen,  but 
could  not  distinguish  one  from  another  in  their  original  form . 

X.    Common  Errors  Made  In  Analyzing  Steam  Indicator 

Diagrams 

36.  The  Use  of  the  Equilateral  Hyperhola  as  a  Standard  of 
Comparison. — The  values  of  n  for  the  expansion  curves  of  steam 
indicator  diagrams  are  not  closely  constant  but  are  subject  to  a 
very  wide  range  of  variation.  The  range  of  variation  found  in 
the  present  investigation  is  from  0.70  to  1.34. 

The  range  of  values  in  the  engine  tested  was  from  0.835  to 
1.234.  The  average  values  were  0.947  for  the  tests  run  with  sat- 
urated steam,  1.056  for  the  tests  run  with  superheated  steam,  and 
1.004  for  all  tests. 

The  values  of  n  for  most  engines  of  ordinary  size  using  sat- 
urated steam  at  normal  cut-off  is  between  0.95  and  1.05,  while  for 
superheated  steam,  the  range  is  usually  from  1.00  to  1.30.  For 
saturated  steam,  the  value  of  ?i  =  1.0  is  about  an  average  value. 

The  explanation  of  the  value  n  =  1.0  can  be  seen  from  the 
results  of  the  tests  given  on  pp.  11  and  20.  The  only  meaning 
that  the  average  value  ot  n  —  1  ever  possessed  is  that  the  av- 
erage value  of  Xc  ,  in  the  class  of  engines  examined,  lies  in  the 
range  between  0.60  and  0.70. 

The  law  of  Boyle  or  Mariotte,  or  the  law  of  isothermal  ex- 
pansion of  a  perfect  gas,  has  no  bearing  of  any  kind  whatsoever 
on  the  expansion  of  steam  in  a  cylinder.  The  equilateral  hyper- 
bola sometimes  occurring  in  steam  cylinders  is  only  a  special 
case  of  expansion  according  to  the  polytropic  law  PV^—  C,  while 
Boyle's  law  is  another  special  case  which  never  occurs  in  steam 
engine  practice. 

Because  of  the  agreement  in  form  between  Boyle's  law  and 
the  equilaterial  hyperbola  (the  special  case  of  the  law,  PV"'=  C, 
where  n  —  1.0),  this  latter  curve  has  been  called  the  ideal  or 
theoretical  curve  of  expansion  to  which   curves   in   practice  are 
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supposed  to  approach  as  a  measure  of  practical  perfection  in  the 
use  of  steam.  The  equilateral  hyperbola  is  in  no  sense  whatso- 
ever an  ideal  or  theoretical  curve,  and  its  use  for  the  purposes  of 
comparison  is  an  empirical  or  arbitrary  convention  only.  It 
should  be  called  the  conventional  expansion.  It  has  ever  been 
contended  that  because  an  expansion  curve  did  not  coincide  with 
the  equilateral  hyperbola,  some  grave  fault  exists  in  the  engine. 
A  value  of  n  may  be  as  low  as  0.60  with  no  graver  fault  than  very 
excessive  initial  condensation,  while  a  value  of  1.35  maybe  found 
from  no  graver  fault  than  that  of  using  steam  superheated 
about  250°  F. 

The  only  rational  use  of  applying  the  equilateral  hyperbola 
to  steam  PT-diagrams  is  to  act  as  a  guide  to  see  whether  n  is 
greater  or  less  than  1.0.  If  the  actual  curve  is  not  close  to  this 
hyperbola,  if  no  faults  exist,  and  if  the  cylinder  is  nonjacketed, 
then  this  fact  means  that  the  value  of  Xc  for  the  case  examined 
is  less  than  about  0.60  or  greater  than  about  0.70.  The  assump- 
tion that  72  =  1.0  as  a  standard  of  expansion  is  equivalent  to  as- 
suming that  the  value  of  o-c  is  standard  at  about  0.65;  however,  no 
engineer  would  seriously  propose  that  the  value  of  occ  of  0.65 
should  be  selected  as  a  standard  of  economy.  The  elaborate 
theory  of  analysis  built  on  the  assumption  that  n  —  1.0  is  the 
natural  result  of  the  use  of  averages  in  any  art  where  the  actual 
facts  have  never  been  investigated. 

The  use  of  the  equilateral  hyperbola  to  predict  the  form  of 
Pr-diagrams  for  the  purposes  of  design  is  satisfactory  in  the 
case  of  ordinary  sizes  of  engines  using  saturated  steam.  When 
steam  superheated  over  100°  F.  is  used,  the  value  of  n  should  be 
assumed  at  between  1.10  and  1.25.  The  high  values  of  n  ob- 
tained with  highly  superheated  steam  in  large  engines  alter 
materially  the  division  of  work  and  the  tangential  forces  acting 
from  those  obtained  when  n  is  assumed  to  be  1.0.  This  fact 
should  be  considered  in  the  design  of  engines  to  use  superheated 
steam. 

The  use  of  the  equilateral  hyperbola  to  obtain  the  ratio  known 
as  the  "diagram  factor"  has  no  rational  basis,  but  its  use  for 
this  purpose  gives  results  which  are  valuable  for  the  purpose  of 
design. 

37  The  Graphical  iVethod  of  Ajjproximating  the  Clearance.  If 
n  has  the  value  1.0  on  a  PT-diagram,  the  clearance  may  be  found 
by  locating  the  zero  of  volume  on  the  zero  line  of  pressure.  This 
process  is  performed  graphically  by  reversing  the  method  used 
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in  constiucting  the  equilateral  hyperbola. 

In  actual  expansions,  however,  n  is  almost  never  exactly- 
equal  to  1.0,  but  is  greater  or  less  as  already  explained.  The  ac- 
curacy of  the  result  by  this  method  is  dependent  on  how  close  the 
value  of  n  approximated  1.0.  The  clearance  obtained  by  this 
method  may  be  as  much  as  100  per  cent  larger  or  smaller  than 
the  actual  clearance  volume  in  ordinary  cases,  while  errors  of  25 
per  cent  and  50  per  cent  are  very  common.  Where  errors  of 
this  size  are  possible,  the  method  is  of  no  use  for  important  work. 

A  rational  method  of  approximating  the  clearance  cannot  be 
based  upon  the  assumption  that  n  =1.0,  but  only  upon  the  fact 
that  it  be  of  a  constant  value,  the  value  itself  being  immaterial. 

38.  Combined  Steam  Indiccdor  Diagrams. — Very  little  of  value 
is  obtained  from  the  combined  PT-diagrams  of  steam  engines, 
except  the  measure  of  the  diagram  factor  for  the  purpose  of 
design. 

One  of  the  uses  that  has  been  made  of  the  combined  diagram 
is  to  see  whether  continuity  of  expansion  exists.  It  has  been 
assumed  by  various  writers  that  continuity  of  expansion  should 
exist. 

A  study  of  the  relations  of  Xc  and  n  shows  that  continuity  of 
expansion  does  not  and  should  not  exist  except  under  very 
special  conditions. 

39.  Division  of  Feed  for  Applying  Hirn's  Analysis. — One  of  the 
requirements  of  Hirn's  analysis  is  that  we  know  exactly  how 
much  steam  was  admitted  to  each  end  of  a  cylinder.  These 
amounts  are  not  usually  equal  in  practice,  so  an  assumption  must 
be  made  to  cover  the  needs  of  the  case. 

The  usual  assumption  is  to  divide  the  feed  between  each  end 
of  a  cylinder  in  the  ratio  of  the  values  of  the  mean  effective  pres- 
sure shown  by  the  Pi-diagrams  from  the  two  ends.  This  as- 
sumption is  probably  not  far  from  the  actual  division  in  most 
cases,  and  is  the  best  that  can  be  done  under  the  circumstances. 

In  the  light  of  the  facts  presented  in  this  investigation,  this 
feed  may  now  be  divided  on  a  more  rational  basis.  It  has  been 
found  that  the  presence  of  the  piston  rod  in  only  one  end  of  the 
cylinder  has  no  appreciable  effect  upon  the  value  of  n.  This  fact 
enables  us  to  divide  the  feed  according  to  the  volumes  filled  and 
the  values  of  ./v  as  determined  by  the  resulting  values  of  n.  This 
method  is  believed  to  be  the  closest  solution  obtainable  in  the 
case  where  the  supply  for  each  end  of  the  cylinder  cannot  be 
separately  measured. 
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40.  Computing  the  Weight  of  Stem n  Retained  in  Compression. — 
A  carefully  made  investigation  indicates,  ^  when  saturated  steam 
is  used,  that  the  steam  in  the  cylinder  is  dry  or  even  very  slight- 
ly superheated  at  the  closure  of  the  exhaust  valve.  As  shown 
by  the  logarithmic  diagrams,  leakage  of  the  steam  in  compression 
continues  until  the  exhaust  valve,  in  closing,  has  acquired  con- 
siderable seal. 

The  point  which  is  selected  to  compute  the  volume  of  steam 
retained  in  compression  generally  lies  between  the  points  A  to  B, 
and  C  to  Z)  of  Fig.  9.  As  the  weight  of  steam  retained  is  yet  de- 
creasing, the  point  selected  nearly  always  accounts  for  more 
steam  than  was  actually  retained.  In  other  words,  we  do  not  find 
the  value  of  Xc  to  be  as  high  as  it  actually  is. 

The  following  method  shown  in  Fig.  9  has  been  adopted  in 
the  present  investigation.  The  straight  line  of  the  compression 
curve  on  the  logarithmic  diagram,  or  the  line  of  constant  weight 
of  steam  mixture,  is  prolonged  dotted  as  shown  to  the  back  pres- 
sure. The  intersection  of  this  prolonged  line  with  the  back  pres- 
sure line  extended  is  taken  as  the  volume  of  dry  steam  retained 
in  compression. 

This  method  almost  always  gives  less  steam  retained  in  com- 
pression than  the  ordioary  method,  and  is  believed  to  be  rational 
in  the  present  state  of  knowledge  of  this  subject. 

XI.     Conclusions 

1.  The  indicator  diagram,  taken  by  means  of  a  correct  re- 
ducing motion  and  with  a  reliable  indicator,  contains  the  evidence 
necessary  for  a  complete  and  useful  analysis  of  cylinder  perform- 
ance. 

2.  The  logarithmic  diagram,  derived  from  the  indicator 
diagram,  discloses  a  new  and  complete  analysis  of  cylinder  per- 
formance. 

3.  Free  from  the  influences  of  leakage,  wrong  clearance, 
wrong  location  of  the  line  of  zero  pressure,  and  excessively  low 
speed  (principally  in  steam  engines),  expansion  or  compression 
of  an  elastic  medium  takes  place  substantially  according  to  the 
law,  PF«  =  C. 

Jf.  The  clearance  of  cylinders  may  be  found  by  graphical 
trial  on  logarithmic  cross-section  paper  to  within  5  per  cent  to  10 
per  cent  of  the  clearance  volume,  depending  as  the  clearance  it- 


>  George  Duchesne.  Revue  de  Mecanique.  July,  1899,  quoted  in  Power,  (Jan.  10,  1911.  P.  71) 
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self  varies  from  20  per  cent   to  2  per  cent,  respectively,  of  the 
piston  displacement. 

5.  Ttie  cyclic  events,  even  though  entirely  obscure  in  the 
indicator  diagram,  may  be  located  on  the  logarithmic  diagram 
( when  plotted  on  logarithmic  paper  of  5  in.  per  square)  to  within 
^^  in.,  this  quantity  being  the  equivalent  of  about  ^2  in-  when  re- 
transferred  to  the  indicator-diagram. 

6.  Leakage  (if  appreciable)  may  be  reliably  detected  from 
the  logarithmic  diagram,  and  may,  in  some  cases,  be  approximated 
in  volume. 

7.  The  weight  of  steam  retained  in  compression  should  be 
obtained  from  the  logarithmic  diagram  by  prolonging  the  line  of 
constant  weight  of  steam  mixture  to.  the  back  pressure  line  ex- 
tended; the  intersection  of  these  two  extended  lines  is  the  volume 
of  steam  which  is  retained. 
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APPENDIX  1 
Methok  of  Constructing  the  Logarithmic  Diagram 

1.  Description  of  Logarithmic  Gross- section  Paper. — Logarithmic 
cross- section  paper  differs  from  rectangular  cross- section  paper 
in  that  the  distances  from  the  origin  are  proportional  to  the  log- 
arithms of  the  numbers  to  be  plotted  instead  of  to  the  numbers 
themselves.  This  system  of  coordinates  gives  an  uneven  scale 
similar  to  that  on  a  slide  rule.  The  numbers  of  the  divisions  on 
logarithmic  paper  are  placed  opposite  the  lines  corresponding  to 
their  logarithms,  as  on  a  slide  rule,  instead  of  to  the  values  of  the 
logarithms  of  the  numbers.  This  fact  aids  in  plotting,  as  the  log- 
arithms are  employed  without  having  to  ascertain  their  values. 

The  logarithmic  cross  section  paper  used  in  this  investigation 
consists  of  four  squares  arranged  two  each  way.  These  squares, 
are  five  inches  each  way,  making  the  four  squares  together  ten 
inches  each  way.  The  use  of  four  squares  enables  values  to  be 
plotted  ranging  from  0.1  to  10.0,  1.0  to  100.0,  etc.,  thus  giving  a 
range  of  ten  times  the  values  obtainable  if  only  one  square  were 
used. 

2.  Construction  of  the  Logarithmic  Diagram. — The  coordinates^ 
of  the  PF-diagram  are  proportional  to  pressure  and  stroke,  the 
latter  being  proportional  to  the  volume  displaced  by  the  piston. 
The  coordinates  of  several  points  on  the  PF-diagram  are  found  in 
terms  of  absolute  pressures,  preferably  in  pounds  per  square  inch, 
and  absolute  volumes,  preferably  in  cubic  feet.  The  scale 
of  units  employed  is  not  material  as  long  as  it  starts  at  the  line  of 
zei'O  pressure,  or  of  zero  volume.  However,  the  units  are  more 
easily  manipulated  afterwards  if  they  are  the  same  as  those  in 
the  steam  tables. 

The  method  of  transferring  the  PF-diagram  to  the  logarith- 
mic form  is  described  in  detail  for  the  diagrams  of  test  30,  given 
in  Pig.  15.  The  method  of  drawing  the  pressure  ordinates  is 
shown  on  Pig.  15,  crank  end.  The  diagram  is  shown  in  outline  by  ^P" 
YX.  Perpendiculars  QR  and  EX  are  drawn  to  the  atmospheric  line 
EQ,  and  pass  through  the  extreme  stroke  positions  of  the  diagram. 
The  distance  EQ  is  then  the  length  of  the  diagram.  03/ is  laid  off 
perpendicular  to  the  atmospheric  line  EQ  (extended)  which  was 
drawn  by  the  indicator  pencil.  OM  is  the  line  of  zero  volume,  and 
is  drawn  at  a  distance  FE  from  the  admission  end  EX  of  the  di- 
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agram,  the  distance  FE  being  the  same  length  in  per  cent  of  the 
line  EQ,  or  length  of  the  diagram,  as  the  proportion  that  the  per 
cent  of  clearance,  or  waste  space,  of  the  cylinder  bears  to  the  pis- 
ton displacement.  In  this  case,  the  length  of  the  diagram  is  3.99 
in.,  and  the  clearance  is  7.04  per  cent.  The  length  i^^is  therefore 
0.0704  x3.99,  or  0.281  in.  OA^'is  the  line  of  zero  pressure  and  is 
drawn  a  distance  FO  below  the  atmospheric  line,  to  the  scale  of  the 
spring  used  in  obtaining  the  Pl-diagram.  This  distance  is  propor- 
tional to  the  barometer  reading,  corrected  for  temperature,  pre- 
vailing at  the  day  and  place  of  the  engine  test.     In  this  case,  the 


Fig.  15.    Headend    (Scale  77.0  lb.) 


36.7 
29.1    H 
I9.d    Q 
14.5^ 
oo   o 

Fig.  15.  Crank  End  (Scale— 79.0  lb.) 

corrected  barometer    reading   is   14.2   lb.    per  sq.   in.   absolute, 


hence,  the  distance  FO  is 


14.2 
79.0 


,  or  0.180 in. 


From  ON,  points  are  laid  off  on  QR  and  .£^Z  corresponding  to  the 
absolute  pressures  at  the  intervals  where  it  is  desired  to  read  off 
the  corresponding  volumes.  Pine  lines  are  drawn  connecting  sim- 
ilar pressure  points,  as  19.8-19.8,  29.1-29.1,  etc.  The  volumes 
G-A,  G-B,  H-D,  R-C,  etc.,  arc  read  off  in  hundredths  of  an  inch 
to  the  nearest  half-hundredth.  The  tabular  form  used  in  this  in- 
vestigation is  given  in  Table  6  for  the  diagrams  of  Fig.  15  taken 
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in  test  30.  Thus  the  length  G-A  is  read  off  as  0.66  in.,  and  is 
given  under  the  column  for  19.8  lb.  pressure  headed  Comp.,  mean- 
ing the  compression  curve,  for  the  crank  end  diagram.  The  vol- 
umes in  inches  are  then  multiplied  by  the  constant  ratio  which 
one  inch  of  length  of  the  diagram  bears  to  the  displacement  of  the 
piston.  From  Table  6,  it  is  seen  that  the  piston  displacement  of 
the  crank  end  is  1.523  cu.  ft.,  and  the  length  of  diagram  3.99  in.; 

1  5^3 
hence,  the  ratio  is — '—"-  ,  or  0.382  cu.  ft.  of  piston  displacement 

per  inch  of  diagram  length.  The  length  G-A  incu.  ft.  of  displace- 
ment now  becomes  0.66  in.  X  0.382  cu.  ft.  per  in.,  or  0.252  cu. 
ft. ,  the  volume  of  steam  present  at  this  point.  This  process  is 
repeated  at  intervals  until  the  coordinates  of  from  ten  to  thirty 
points  are  determined.  In  the  diagram  shown  in  Fig.  15,  the 
coordinates  of  18  points  were  found  in  each  diagram. 

The  coordinates  of  P  and  Fare  then  plotted,  on  logarithmic 
cross-section  paper,  as  shown  in  Fig.  9,  which  are  the  logarithmic 
diagrams  derived  from  the  PF-diagrams  of  Fig.  15.  The  points 
plotted  in  Fig.  15  are  taken  from  the  columns  headed  cu.  ft.  at  the 
pressures  shown,  A  smooth  curve  is  drawn  through  the  points 
thus  plotted,  and  the  diagram  is  in  shape  to  be  studied, 

TABLE  6 
Construction  of  the  Logarithmic  Diagrams  of  Test  30^ 


Head  End 

Crank  End 

Absolute 

Volumes 

Absolute 

Volu 

mes 

inches        1         cu. 

ft. 

inches 

cu. 

ft. 

No. 

Pressures 
lb*,  per 

Pressures 
lb.  per 

sq. in. 

Comp- 2 
XloA 

Exp.  2 
1  to  B 

Comp. 

Exp. 

sq.  in. 

Comp. 

Exp. 

Comp. 

Exp. 

1 

133.0 

0.39 

1.18 

0.156 

0.470 

134.3 

0.30 

1.205 

0.115 

0.4605 

2 

1)3.4 

0.31 

1.36 

0.124 

0  .5425 

115.3 

0.28 

1.39 

0.107 

0.531 

3 

95.0 

0.31 

1.625 

0.124 

0.649 

96.3 

0.28 

1.65 

0.107 

0.6305 

4 

76.3 

0.31 

2.02 

0.124 

0.8055 

77.3 

0.28 

2.06 

0.107 

0.7875 

5 

57.1 

0  31 

2  705 

0.124 

1.080 

58.1 

0.295 

2.76 

0.113 

1.055 

6 

38.9 

0.375 

4.03 

0.150 

1.610 

88.7 

0.385 

4.12 

0.147 

1.572 

7 

29.4        !     0.48 

4.22 

0.192 

1.685 

29.1 

0.485 

4.26 

0.185 

1.626 

8 

19.5            0.70 

4.26 

0.279 

1.699 

19.8 

0.66 

4.20 

0.252 

1.600 

9 

15.0            1.10 

3.06 

0.439 

1.220 

15.0 

0.93 

3.77 

0.355 

1.440 

HE. 

OR 

.  E. 

3  95     in . 

3.99 

Ratio  of  clearance  to  piston  displacement,  s 

ame  enc 

1   

0.0789 

0.07( 

4 

0.312    in. 

0.28 

in. 

4  26      in 

4  27 

1..523 

cu.  ft. 

Clearan 

0.124   cu.  ft. 
1.699   cu.  ft. 

0.10' 
1  63C 

cu  ft. 

cu.  ft. 

Ratio,  cu.  ft.  per  inch  of  length  on  diagram . 

0.399   cu.ft. 

0  S8S 

!    cu.  ft. 

77.0       lb. 

79.0 

lb. 

'Letters  refer  to  Fig.  15.  crank  end . 
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Application  of  the  Law  PV^=  C  to  curves 
FROM  Practice 

3.  Does  the  Law  PV^  =  G  Hold  for  Curves  from  Practice?  It 
has  long  been  known  that  adiabatic  expansion  or  compression  of 
any  elastic  medium  takes  place  substantially  according  to  the  law 
PV"'  —  C.  The  values  of  n  are  different  for  different  media,  and 
sometimes  vary  for  the  same  medium  with  different  conditions  of 
the  initial  state.  These  values,  for  media  commonly  used  in  re- 
ciprocating engines,  are  given  on  page  38  et  seq. 

In  practice,  however,  expansion  is  never  adiabatic,  but  is 
changed  in  character  by  the  presence  of  the  metal  surrounding 
the  working  medium,  and  by  imperfection  of  mechanism.  Since 
the  actual  change  of  state  is  not  adiabatic,  the  question  arises  how 
it  has  been  changed  in  character,  and  whether  this  modified  ex- 
pansion still  obeys  the  law  PV^  =G. 

Many  investigators,  Zeuner,^  Leloutre,^  Luders,^  and  Perry\ 
have  examined  the  curves  from  actual  diagrams  to  clear  up  this 
point  for  steam.  They  find  that  expansion  in  steam  cylinders 
takes  place  substantially  according  to  the  law  PV"'  =  G,  but  that 
n  varies  in  value  between  wide  limits  in  different  cases. 

An  examination  was  made  of  the  curves  of  296  diagrams  from 
the  cylinders  of  47  different  engines  using  steam,  gas,  air  and 
ammonia  to  investigate  this  point.  As  a  result,  it  may  be  stated 
that,  in  the  cases  of  the  great  majority  of  engines  using  elastic 
media,  expansion  and  compression  take  place  substantially  ac- 
cording to  the  law  PP*  =  C.  Certain  exceptions,  however,  have 
been  found,  and  the  causes  studied.  These  causes  are  treated  in 
the  next  section. 

4.  Examples  of  Logarithmic  Diagrams  from  Various  Types  of 
Engines. — The  logarithmic  diagrams,  obtained  by  plotting  the 
indicator  diagrams  as  described  on  p.  52,  are  of  a  distinctly 
different  form  from  either  the  PP-diagrams  or  the  temperature- 
entropy  diagram.  While  the  various  typical  forms  of  PF-diagrams 
assume  rather  different  forms  after  plotting,  yet  the  resultant  fig- 
ures retain  in  a  general  way  the  peculiar  characteristics  of  each 
Pr-type,  except  that  these  peculiarities  are  exaggerated. 

Various  typical  PT -diagrams  are  given  in  Fig.  16-29. 
They  include  examples  from  many  types  of  engines,  using  steam, 


'Technical  Thermodynamics  II.  p.  HI. 

2  Recherches  experimentals.  Bulletin  de  la  Societe  industrielle  du  Nord  de  la  France.  1874. 

3Zur  Theoriedes  Indikator  diagramme.s.  Zivilingenieur.  1881,  Vol.  XX VII,  p.  225. 

■•The  Steam  Engine,  p.  106. 
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Fig.  16a.    Crank  End    (Scale— 50  lb.) 
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Fig.  17a.    (Scale— 80 lb.) 
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Fig.  18«.    High  Pressure    iScale— 80  lb.) 


Fig.  18a.    Low  Pressure    (Scale— 20  lb.) 
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Fig.  19a.  Rice  and  Sargent  16-in.  x28-in.  x42-in.  Superheated  Steam 
Engine  (Scale— 64.6  lb.) 
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Fig.  20a.    (Scale— 162 lb.) 
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I  Scale— 80  i-b.  ) 
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Fig.  2?a.    H.  P.  Top    (Scale— 100  lb.  ) 


Fig.  22a.    h.  P.  Bottom    (Scale— lOO  lb. ( 


Fig.  22a.    I.  P.  Top    (Sgalk— 20lb,) 
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Fig.  22a.    I.  P.  Bottom    (Scale— 20  bl.) 


Fig.  22a.    L.  P.  Top    (Scale— 10  lb.) 


Fig.  I2a.    L.  P.  Bottom    (Scale— 10  lb.) 
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Fig.  23«     Headend    (Scale— 150  lb.) 


Fig.  23a.    Crank  End    (Scale— 150  lb. 
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Fig.  24a.    Head  End    (Scale— lOO  lb.  ) 


Fig.  24a.  Crank  End  (Scale— 100  lb.  ) 
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Fig.  25a.    (Scale-160lb.) 
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FiG.27«   High  Pressure    (Scale— 120 lb. ^ 


Fig.  ii7a    I, ow  Pressure    (Scale— 40 lb. i 


iOU 

T 

- 

r 

dh 

V 

—c 

« 

^ 

tev 

n  =  1  029 

' 

Kj 

C 

=? 

!  1 

*qtt^       Av  n 

=  1.12 

3 

CF? 

k 

H 

n 

>-  c 

'        U. 

-i* 

^ 

90 

_i- 

1 

, 

, 

_j 

_ 

- 

^ 

— 

|— 

— 

80 

-^ 

-(- 

r — 

— 

— 

— 

— 

- 

--^j 

— 

~ 

~" 

^ 

'vN 

1  1 

10 

-_ 

._ 

^ 

^ 



_ 

_ 

■ 

+dt= 

L_ 

— 

- 

-- 

60 

"- 

-- 

T 

^ 

p 

^ 

- 

■■  ■ 

r 

'^ 

~ 

■" 

"•" 

^ 

vl 

N 

H 

0^ 

CR 

1  "*>J 

n 

r«= 

1. 

31 

5 

H 

H 

\ 

i 

^f 

t 

n 

=  1.3192 

^ 

40 

N 

1 

"s 

Av.i 

1=1.2 

JS4 

o- 

\ 

^ 

V 

S 

f 

\ 

JU 

1 

n^ 

'  1. 

40 

3 

1 
1 

H 

s 

V 

1 

Av 

a 

>  1 

,4 

2t 

\ 

v; 

ri  =  1  451 

^ 

-:-^ 

Stt 

10 

. 

.007.006.009  010  0920  0.030      0.04     OS     oe   .07.08.09  0.1  o.z 

ABSOLUTE  volume:-  CU-FT. 
Fig.  276    Porter  Air  Locomotive— Compound  5-in.  x  10-in.  x  10-in 


0.3         0.4     0.5    0.6   07 


Fig  .280.    High  Pressure   (Scale— 50 lb.) 


100 

90 

±  80 

: 



3 

^ 

up 

1 1 1 1 1 

T 

^ 

p 

rz 

n 

R 

n 

^+^ 

H ' 

1 

=4 

zz 

zz 

— 

-: 



TT 

V 

\ 

riSW 

— [ 

i.:5B 

i9  ^° 

— r 

L 

— Y 

\ 

Ift^.  r 

«    1.    36 

\ 

. 

1       1                           t 

fl-50 

^ 

V 

^ 

rt  =?   1.316 

V 

A 

V 

' 

^ 

V 

\ 

s 

-N 

" 

J-l — 

u_ 

'■ 

I^ 

^ 

It 

*"~ 

i 

\\""-^ 

SI 

V) 

H 

[  <"'^ 

1   1  '5^Cf? 

0-  ,„ 

"^ 

V. 

\ 

A 

^ 

n 

-  1 .; 

1  ^ 

9   '            ^ 

U 

1- 
=> 

^v 

^^) 

\ 

H 

1    '    n=i.ia7r\ 

ID 

..i 

_ 

- 

1 

1 

0.01  0.02  003      0.O4  .05    06    07  .Oa  .09  0.1  0.2  0  3       04      05  OS   07  08  05  1.0  2.0 

absolute:  volume  -  cv.ft. 
.286  Fig.    Ingersoll —Sergeant  12M-in.  x  18J^-in.  12-in     Two —stage  Air  Compressor 


CLAYTON — NEW  ANALYSIS  OF  CYLINDER  PERFORMANCE  71 


Pig.    a9rt.      (SCALB-136LB.) 


(II     so 


<  a* 


""x 

\ 

, 

\ 

\ 

s. 

v. 

\ 

1 

N 

\ 

s 

N 

V 

\ 

S 

n  = 

r.i 

18 

s 

s 

'^ 

^ 

> 

1 

\ 

k 

s. 

V 

\ 

\ 

\ 

N 

\ 

0.02  0.03       0.04     0.0?  M  X>7  .OS  .0)  0.1  0  2  03  04      0.5    0.6  0.7  0.8  0.9  1.0 

ABSOLUTE   VOLUME    -  CU.FT. 

Fig.  296.    York  SiNni:,E-.4CTiNG  12^-in  x  IS-iur.  Ammonia  Compressor 


/2  ILLINOIS  ExN'GIXEERING  EXPERIMENT  STATION 

gas,  air  and  ammonia  as  the  active  media.  The  values  of  n  for 
tlie  curves  are  given  in  each  figure.  Tlie  types  of  steam  engines 
represented  include  Corliss,  high  speed,  auxiliary  cut-off,  poppet 
valve,  single  acting,  pumping  and  locomotive  engines.  The  gas- 
engine  diagrams  include  two  four  cycle  types,  one  using  blast 
furnace  gas,  and  the  other  a  Diesel  engine  using  crude  petroleum. 
The  air  diagrams  contain  one  set  from  a  compound  air  locomotive, 
and  one  set  from  a  two-stage  air  compressor. 

These  figures  show  most  of  the  typical  forms  of  diagrams 
that  are  obtained  in  practice.  At  first  sight,  the  logarithmic  dia- 
grams look  distorted,  but  after  the  meanings  of  the  different  lines 
become  clear,  they  begin  to  seem  as  natural  as  the  PF-diagram. 
These  logarithmic  diagrams  show  how  closely  the  law  PF"  =  G 
holds  in  actual  curves  from  a  great  variety  of  engines  using  dif- 
erent  media. 

5.  Gases  Where  the  Law  PV^  =  G  Does  Not  Hold. — The  curves 
of  expansion  and  compression,  obtained  from  PF-diagrams,  do 
not  always  follow  the  law  PV'^  =  G.  This  fact  is  due  to  several 
causes,  some  of  which  have  been  definitely  determined.  These 
causes  will  be  treated  separately. 

a.  Wrong  Clearance,  or  Wrong  Location  of  the  Zero  Line  of 
Pressure. — The  law  PV"^  —G,  is  true  only  w^here  Pand  Fare  mea- 
sured in  absolute  units.  The  clearance  must  be  accurately  deter- 
mined in  order  to  give  absolute  values  of  F.  The  scale  of  the 
spring,  for  the  PF-diagram  analj^zed,  must  be  known,  and  the 
atmospheric  line  drawn  by  the  indicator,  in  order  to  locate  the 
zero  line  of  pressure.  The  units  used  for  Por  F  may  be  of  any 
denomination,  but  they  must  be  measured  from  the  zero  of  Pand  F. 

When  a  curve,  PI""  =  G,  is  plotted  on  logarithmic  paper,  the 
resultant  curve  is  a  straight  line.  The  value  of  n,  as  already 
explained,  is  the  slope  of  this  line,  measured  from  any  two  points. 
When  the  values  of  Pand  F  are  not  absolute  values,  this  curve  is 
no  longer  a  straight  line,  but  becomes  a  curve  of  the  second  degree. 
The  value  of  n  being  the  slope  obtained  from  two  points  on  this 
curve,  is  no  longer  constant  for  all  parts  of  the  curve,  but  varies 
from  point,  to  point.  Therefore,  when  PF-diagrams  are  trans- 
formed to  logarithmic  diagrams,  the  values  of  both  P  and  F  must 
be  measured  in  absolute  units.  When  these  values  are  not  in 
absolute  units,  the  resulting  curve  is  not  of  the  form,  PV^  —  G, 
and  therefore  is  not  a  straight  line  on  logarithmic  paper.  The 
form  of  the  curve  obtained,  when  the  values  of  V  alone  are  not  in 
absolute  units,  is  given  in  Fig.  10&. 
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b.  Leakage. — The  law  PV"^  =C,  is  applicable  only  to  cases 
where  the  weight  of  the  working  medium  remains  practically 
constant  during  any  expansion  or  compression.  When  this 
weight  changes  materially  either  by  leakage  into,  or  out  from, 
the  cylinder  containing  the  medium,  the  resulting  curve  no  longer 
obeys  the  law,  and  it  becomes  a  curve  in  the  logarithmic  diagram. 
This  fact  is  very  clearly  shown  in  the  curves  of  the  logarithmic 
diagram  derived  from  cylinders  in  which  large  leaks  were  known 
to  exist.  The  examples  showing  this  condition  are  shown  in 
pp.  39,  41,  42. 

c.  Loiv  Speed  in  Steam  Enqines.—VQYy  low  speeds  of  rotation, 
together  with  very  low  piston  speeds,  will  cause  the  compression 
curve  to  deviate  from  the  law  PV^  —  G.  The  most  common  cases 
of  this  effect  are  seen  in  the  "hook",  or  excessive  condensation, 
near  the  upper  end  of  compression  curves.  These  "hooks"  are 
found  almost  altogether  in  small  engines  having  very  low  piston 
speeds,  and  in  larger  engines  with  small  clearance,  having  very 
low  rotational  speeds,  as  in  pumping  engines. 

Diagrams  containing  "hooks"  in  the  compression  curves  have 
been  published  by  Professor  Dwelshauvers-Dery^  from  the  exper- 
imental engine  at  Liege.  This  is  an  example  of  a  very  low  speed 
in  a  small  engine.  The  size  was  12  in.  x  24  in.  and  the  speed 
from  30  to  60  r.  p.  m.  That  this  hook  was  caused  by  low  speed 
and  consequent  excessive  condensation  was  proved  in  a  measure 
in  the  case  of  the  engine  described  on  page  88.  This  engine  was 
also  12  in.  x  24  in.,  but  was  operated  at  from  90  to  150  r.  p.  m. 
In  no  case  was  a  hook  in  the  compression  curve  obtained  during 
the  tests,  although  some  1600  diagrams  were  taken.  A  set  of 
diagrams  from  these  tests  is  shown  in  Fig.  15  and  shows  no  sign 
of  a  hook.  On  one  occasion,  however,  the  diagram  shown  in  Fig. 
30  was  obtained.  This  was  taken  just  after  the  engine  was  start- 
ed from  cold,  and  had  been  brought  up  to  a  speed  of  120  r.  p.  m. 
In  conjunction  with  the  other  diagrams  obtained  from  this  engine 
in  regular  operation,  this  hook  is  believed  to  be  due  to  excessive 


Fig.  30.    Takkn  While  Starting  fhom  Cold 
J  Power.  June  ^.s.  1)10.  p.  1165. 
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condensation  while  the  cylinder  was  comparatively  cold. 

Diagrams  with  the  hook  present  in  the  compression  curves 
have  been  obtained  from  two  other  engines;  one  was  an  8i  in.  x 
12  in.,  running  110  r.  p.  m.,  and  the  other,  5  in.  x  6  in.,  running 
140  r.  p.  m. 

This  excessive  condensation  at  the  end  of  compression,  or 
near  the  dead  center,    seems  to  be  due  to  the  fact  that  the  dele- 
terious surface  effect  of  the  cylinder  walls  is  so  enormous,  com 
pared  with  the  weight  and  volume  of  steam  present  at  this  point. 

The  three  causes  treated  above  are  believed  to  be  the  import- 
ant conditions  that  cause  the  curves  in  practice  to  depart  materi- 
ally from  the  law  PV"'  =  G.  Sometimes  only  one  of  these  condi- 
tions is  present,  while  in  the  other  cases,  a  combination  of  these 
may  influence  the  resulting  curves.  The  separation  of  these 
conditions  by  their  effect  on  the  curves  is  treated  in  page  45. 

Values  of  n  From  Practice. 

6.  Steam  Engines. — The  values  of  n  for  the  expansion  and 
compression  curves  of  indicator  diagrams  are  subject  to  a  wide 
variation.  Zeuner^  gives  the  values  of  n  found  by  several  early 
investigators.  These  values  were  taken  mostly  from  the  dia- 
grams of  small  and  slow-speed  engines.  Leloutre  found  that  the 
value  of  n  was  practically  constant  for  any  one  case,  but  varied 
greatly  in  different  engines,  according  to  the  initial  pressure  and 
ratio  of  expansion.  Liiders  found  values  ranging  fi^om  0.903  to 
0.535.  Zeuner  found  values  of  from  0.900  to  0.436  from  diagrams 
taken  by  Hallauer  from  a  Corliss  engine.  In  none  of  these  cases 
was  n  found  to  be  as  high  as  1.0.  Zeuner  concludes  that  the 
value  is  generally  close  to  1.0,  and  does  not  vary  much  either  way. 

Heck^  shows  diagrams  from  the  cylinders  of  compound  Cor- 
liss engines,  locomotives,  pumping  engines,  and  marine  engines, 
all  using  saturated  steam.  The  values  of  n  for  saturated  steam 
from  the  expansion  curves  of  the  h.  p.  cylinders  of  these  engines 
are  all  close  to  1.0.  The  values  for  the  1.  p.  expansion  curves  are 
generally  less  than  1.0,  ranging  from  about  0.95  to  0.90.  The 
values  for  the  compression  curves  shown  do  not  depart  far  from 
1.0. 

A  large  number  of  curves  have  been  examined  by  the  graph- 
ical method  described  on  page  52.  These  examples,  shown  in  Ta- 
ble 7-14,  may  be  classed  as  follow^s: 


1  Technical  Thermodynamics,  II.  p.  111. 

2  The  Steam  Enjirine,  II  p-  476. 
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Class   A.    Corliss,  four-valvo,  and  riding-fut-oH"  types,  all  simple  expan- 
sion 

B.  Same,  compound. 

C.  Same,  triple  expansion. 

D.  Gridiron  valve  type,  compound,  steam  jacketed. 

E.  Poppet  valve  type. 

F.  High  speed  engines,  single  valve  types. 

G.  Single-acting  engines. 
H,  Locomotive  engines. 

These  classes  cover  the  values  derived  from  138  diagrams 
taken  from  36  separate  engines.  On  page  8,  are  given  the  values 
obtained  from  60  sets  of  diagrams  taken  from  a  12  in.  X  24  in. 
Corliss  engine. 

The  values  given  in  Tables  7-14  are  the  average  values  from 
both  ends  of  one  cylinder,  and,  in  the  case  of  two-cylinder  simple 
engines,  from  both  ends  of  both  cylinders.  In  many  cases  only 
the  expansion  curves  were  examined. 

These  diagrams  were  taken  from  cylinders  ranging  in  size 
from  Hi  in.  x  13  in.  up  to  80  in.  x  60  in.,  and  in  speed  from  300 
r.  p.  m.  down  to  23.6  r.  p.  m.  Most  of  the  cylinders  were  unjack- 
eted.  Examples  of  both  saturated  and  superheated  steam  are 
shown.  It  will  be  seen,  therefore,  that  the  range  of  the  exhibit 
is  very  broad. 

It  is  evident  that  the  values  of  n  are  subject  to  extremely 
wide  variations,  the  range  being  from  0.436,  found  by  Zeuner,  up 
to  1.341,  found  in  this  investigation  in  the  case  of  an  engine  us- 
ing highly  superheated  steam.  It  is  true,  however,  that  the  av- 
erage of  all  the  values  cited  is  not  far  from  1.0. 

7.  Gas  Engines. — The  values  of  n  for  the  curves  of  gas  en- 
gine diagrams  have  a  smaller  range  of  variation  than  that  found 
in  steam  diagrams. 

Gtildner^  finds  that  the  value  of  n  for  the  compression  curves 
varies  from  1.30  to  1.38,  with  an  average  of  about  1.35,  but  he 
mentions  rare  values  higher  than  the  adiabatic  value,  due  to  high 
temperature  of  cylinder  walls,  and  the  consequent  addition  of 
heat  to  the  gas  during  compression.  He  finds  that  n  for  expan- 
sion^ varies  normally  from  1.35  to  1.50,  but  cites  lower  values 
than  1.35  due  to  leakage,  and  higher  values  than  1.50  due  to  ex- 
cessive temperature  of  cylinder  walls  from  poor  cooling. 


1  Internal  Combustion  Engines,  p.  34. 

2  Internal  Combustion  Engines,  p.  38. 
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Wimperis^  gives  the  values  found  by  Professor  Burstall  from 
diagrams  taken  during  10  tests  on  the  same  engine,  presumably. 
Professor  Burstall  finds  n  for  expansion  to  vary  from  1.199  to 
1.344,  with  an  average  of  1.288.  The  values  of  7i  for  compression 
vary  from  1.345  to  1.364,  with  an  average  of  1.352. 

The  examination  of  17  diagrams  from  5  separate  engines 
gave  values  for  expansion  and  compression  as  given  in  Table  15. 
These  values  given  show  that  the  variation  of  ?i  for  expansion  is 
ordinarily   from    1.10   to    1.37,  while  for  compression  it  is  from 


TABLE  7 
Values  of  n  From  Class  a  Steam  Engines 


Value  of  n 

Size 
inches 

No.  of 

Diagrams 

Make 

Remarks 

Expansion 

Compression 

Examined 

18Ji  X  43 

0.952 

1.007 

2 

Greene 

Saturated  steam 

0.998 

1.115 

2 

15H  X  24 

1.049 

1.170 

2 

Bucljeye 

26^4x36 

0.928 

1.063 

2 

0.823 

1.036        1           2 

' ' 

0.996 

1.181                    2 

' ' 

20x30 

0.624 

0.985 

2 

1.024 

0.992 

S 

'  * 

18x42 

1.047 

0.994 

2 

Unknown 

16x32 

1.065 

1.154 

2 

Buckeye 

1.111 

1.341 

2 

16?^  X  32 

0.964 

2 

Unknown 

261',  X  48 

1.051 

2 

17x24.2 

1.131 

4 

'  ^ 

23x60 

1.098 

2 

' ' 

28y!  X  59!^ 

1.108 

2 

*  * 

11  Engines 

Total— 34  Diag 

'rams 

TABLE  8 
Values  op  n  From  Class  B  Steam  E>jgines 


Expansion 

Compression 

1 

No.  of 
Diagrams 

inches 

Make                    Remarks 

h.  p. 

1.  p. 

h.  p. 

1     1.  p. 

Examined 

185i  X  36     X  36 

1.060 

0.896 

4 

Buckeye 

Saturated  steam 

15     X  40!4  X  27 

0  955 

2 

Fleming 

20     X  36     X  48 

1.055 

0.973 

0.973 

0.742 

4 

Watts  Campbell 

21      X  42     X  36 

1.068 

0.987 

4 

Gaskell 

25     X  50     X  37 

0.841 

0.879 

0.850 

8 

Worthington 

22     X  40     X  60 

1.070 

1.009 

1.018 

1.272 

4 

Harris-Corliss 

Cyls.  jacketed 

20     X  36     X  48 

1.079 

0.977 

4 

Watts  Campbell 

"     non-jacketed 

16      X  40     X  48 

1.090 

0.950 

4 

Cooper  Corliss 

1.048 

1.116 

4 

ICyls.  jacketed 

8  Engines 

Total— 38  Dia 

grams 

3 The  Internal  Combustion  Engine,  p.  73. 
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TABLE  9 
Values  of  n  Fkom  Class  C  Steam  Engines 


Size 
inches 

Expansion 

No.  Of 
Diagrams 
Examined 

h.  p. 

1.  p. 

1.  p. 

Remarks 

28  X  54  X  80  X  60 

0.987 

1.112 

0.984 

6 

Saturated  steam 
Cylinders  jacketed 

Compression 


28  X  54  X  80  X  60 
1    Engine 


0.964 


0.972 


Total— 6  Diagrams 


TABLE  ]0 
Values  of  n  From  Class  D  Steam  Engines 


Expansion 

iJo.  of 
Diagrams 

Make 

Size 
inches 

Remarks 

h.  p. 

1.  p. 

•  Examined 

28  X  58  X  48 

1.046 

1.070 

2 

Mcintosh 

Superheated  steam 

23  X  48  X  48 

0.955 

0.969 
1.108 

2 

1 

Seymour  &  Co. 

Jackets  not  used 

*  * 

0.905 

0.925 

2 

' ' 

1.119 

1.075 

2 

29  X  60  X  56 

1.231 

1 

29  X  60  X  56 

1.172 

1 

18  X  38  X  42 

1.170 

0.925 

2 

18  X  38  X  42 

1.118 

1.087 

2 

31  X  64  X  48 

1.024 

0.973 

2 

7  Engines 

T< 

)tal— 17  Dia 

grams 

TABLE  11 
Values  of  n  From  Class  E  Steam  Engines 


Size 
inches 


Expansion 


h.p 


1.  p. 


Com- 
pression 


h.p. 


1.  p. 


Remarks 


16  X  28  X  42 


23'/!  X  3;y! 
2  Engines 


1.341 

1.141 

1.260 

1.180 

1.293 

1.152 

1.033 

1.011 

1.197 

0.7201  1.048 

1.262,  1.210 

0.980;  0.989 

0.710  1.060 
1.057; 


Rice  and  Sargent 


Highly  superheated  steam 


Saturated  steam 
Stumpf  Straight  FlowlHifejhly  superheated  steam 


Total— 10  Diagrams 


TABLE  12 
Values  of  n  From  Class  F  Steam  Engines 


Size 
inches 


Expansion 
h.  p. 


No.  of 
Diagrams 
Examined 


Make 


Remarks 


14^2  X  13 
16  X  16 
11%  X  18V4 

3  Engines 


0.970 
1.027 
0.706 


Unknown 

Ide 
Unknown 


Saturated  steam 


Total— 6  Diagrams 
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TABLE  13 
Values  of  n  From  Class  G  Steam  Engines 


Size 
inches 


Expansion 


h.  p. 


l.p. 


No.  of 
Diagrams 
Examined 


Make 


13  X  22  X  13 


1  Engine 


1.073 
1.054 
1,062 


0.874 
0.863 


Westinghouse 


Saturated  steam 


Total — 5  Diagrams 


TABLE  14 
Values  of  n  From  Class  H  Steam  Engines 


Size 
inches 

Expansion 

Compres- 
sion 

No.  of 
Diagrams  ;            Make 
Examined 

Remarks 

16x24 

1.003 

4          Schenectady  No.  2 

Saturated  steam 

22  X  30 

0.98.5 
0.981 

0.987 

2 
2 

I.  C.  No.  940 

22x30 

0  975 

0.970 

2 

I.  C.  No.  920 

1.006 

1.125 

2           1 

16x24 

0.974 

1.208 

2          Schenectady  No.  3 

Superheated  steam 

1.124 

1.179 

2 

' ' 

1.167 

1.195 

2 

1.046 

1.188 

2 

*  * 

1.149 

2 

3  Engines 

T( 

Jtal— 22  Dia 

grams 

TABLE  15 
Values  of  n  From  4-Cygle  Gas  Engines 


Size 
inches 

No.  Of 

Expansion 

Compression     Diagrams 
Examined 

Make 

Gas  Used 

10  X  19 

1.36 

1 
1.19                         1 

Otto 

Illuminating 

1.37 

1,09 

1.27 

1.26 

1.21 

1.35 

1.26 

1.35 

1.25 

1.74 

1.30 

1.43 

'  ' 

1.16 

1.27 

'  ' 

1.21 

1.43 

42  X  60 

1.16 
1.16 
1.09 

1.32 
1.30 
1.32 

Tod 

Blast  furnace 

32x42 

1.18 

1.34 

Allis-Chalmers 

Producer 

25%  X  Z-% 

1.12 

1.24 

Koerting 

16x24 

1.10 
1.11 

1.20 
1.22 

Diesel 

Petroleum 

1.02 

1.22 

5  Engines 

Total— 17  Diagrams 
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TABLE  16 
Valuks  op  n  From  Compressed  Air  Locomotives 


Size 
inches 


Expansion 


h.p. 


l.p 


No.  of 
Diagrams 
Examined 


Make 


5  X  10  X  10 
6x  10 


2  Engines 


1.123 
1.369 


Porter 


Total—  8  Diaurrams 


TABLE  17 
Values  of  7i  From  Air  Compressors 


Size 
inches 


Compression 


h.p 


l.p. 


No.  of 
Diagrams 
Examined 


Make 


Remarks 


12k  X  18^x12 
1  Compressor 


1.336 
1.266 


1.219 
1.254 


Ingersoll-Sargent 


Small  amt.  of  cooling  water 
Large    


Total—  8  Diagrams 


TABLE  18 
Values  of  n  From  AmmoniaCompressors 


Size 
inches 


Jompression 


No  of 
Diagrams 
Examined 


Make 


Remarks 


12Hxl8 
12ye  X  18 


2  Compressors 


1.H8 
1.186 
1.235 


York 


Total—  5  Diagrams 


Dry  comp.  sing,  acting 
Doub.    '■ 
Wet  compression 


TABLE  19 
Values  of  n  From  Gas  Compressors 


Size 
inches 


Compression 


No.  of 
Diagrams 
Examined 


Remarks 


28M  X  24 
1  Compressor 


1.140 
1.145 


Ingersoll-Sargent 


Illuminating  gas 


Total—  4  Diagrams 
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about  1.20  to  1.40,  leaving  out  of  account  very  high  values  due  to 
imperfect  cooling  and  very  low  values  due  to  leakage  and  to  cool 
walls  during  the  period  of  "starting  up."  The  values  of  ti  are 
low  for  expansion  in  large  cylinders  with  lean  gases,  being  about 
the  same  as  those  found  in  steam  cylinders  using  superheated 
steam. 

8.  Compressed  Air Ungines.— Very  few  data  have  been  found 
concerning  the  values  of  n  from  diagrams  taken  from  compressed 
air  engines.  Locomotives  comprise  the  large  part  of  this  class 
which  use  air  expansively. 

Curves  were  examined  from  eight  diagrams  taken  from  the 
four  cylinders  of  two  locomotives,  one  a  compound,  and  the  other 
a  simple  expansion  type.     The  results  are  given  in  Table  16. 

The  expansion  curves  of  these  diagrams  were  very  satisfac- 
tory, but  the  compression  curves  were  all  irregular,  and  no  val- 
ues were  obtained  from  most  of  them.  This  irregularity  was 
probably  due  to  the  vibration  that  is  present  in  most  locomotives 
under  running  conditions.  The  values  for  expansion  range  from 
about  1.12  to  1.37. 

9.  Air  Compressors. — Only  8  diagrams  from  one  two-stage 
compressor  were  available  for  examination.  The  values  of  n  for 
compression  are  given  in  Table  17.  No  values  for  re- expansion 
were  obtained. 

The  values  for  compression  in  air  compressors  do  not  vary 
much,  and  will  generally  fall  between  1.20  and  1,35. 

10.  Ammonia  Compressors. — The  examples  available  of  this 
type  of  compressor  were  limited  to  5  diagrams  from  2  compres- 
sors. The  compression  curves  w^ere  very  satisfactory,  but  the  re- 
expansion  curves  were  quite  irregular.  These  values  will  be  found 
in  Table  18.  The  values  found  fall  between  about  1.15  and  1.24, 
very  little  variation  being  observed. 

11.  Gas  Compressors. — This  class  refers  to  compressors  used 
to  raise  the  pressure  of  illuminating  gas  in  order  to  send  it  to 
distant  points  in  small  pipes.    The  analysis  of  the  gas  compressed 

in  the  single  case  examined  is  given  on  page  88.  Values  of  n 
were  obtained  for  the  compression  curves  only.  These  values  are 
given  in  Table  19.  Although  taken  at  different  conditions  of  the 
speed  and  the  discharge  pressure,  these  values  show  substantial 
agreement,  but  are  considerably  lower  than  the  values  obtained 
for  air  compression. 
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Theoretical  Values  of  k  for  Adiabatic  Expansion 

The  relations  of  P  and  r  during  adiabatic  expansion  of  steam 
and  gases  may  be  closely  represented  by  the  equation  for  the 
polytropic curve  PI* —G. 

The  value  of  k  for  steam  depends  upon  the  initial  state,  while 

Q 

for  gases  k  is  equal  to  the  ratio  -~' 

Cv 

12.      Values  of  k  for  Steam. 

(a)     Saturated  Steam.     Rankine^  gives  the  value  of  k  as  -^' 

or  1 .111,  applicable  to  all  initial  states. 

Grashof"'^  examined  the  condition  of  initially  dry  saturated 
steam  and  gives  the  value  of  ^•  as  1 .  140. 

Zeuner^  examined  the  condition  generally  occurring  in  engi- 
neering practice,  where  the  steam  is  initially  composed  of  a  mix- 
ture of  vapor  and  water,  and  gives  the  relation 

A;  =  1.035+0.1.r. 
He  found  the  influence  of  initial  pressure  to  be  negligible. 

Mr.  E.  H.  Stone*  examined  the  condition  of  various  initial 
states  of  pressure  and  quality,  using  the  tables  of  Marks  and 
Davis,  and  gives  the  relation 

A:  =  1. 059  — 0.000315P  +  (0. 0706+0. 000376P)ar. 

Table  20  was  computed  from  this  equation  and  expresses  the 
relations  of  P  and  Fwith  an  average  error  of  less  than  0.2%. 

(0)     Superheated  Steam.     Zeuner^  gives  the  value  of  k  as  con- 

4 
stant  at-T-,  or  1.33?.     Several  conditions  have  been  examined  for 
o 

the  initial  state  of  200  lb.  absolute  pressure  with  the  superheat 
varying  from  80°  to  530°.  The  relations  of  P  and  V  were  com- 
puted from  Professor  G.  A.  Goodenough's  characteristic  equa- 
tions*' for  superheated  steam. 

It  has  been  found,  after  many  trials,  that  these  relations  are 
closely  expressed  by  the  equation 

P(F+0.088)i"^°^=  C. 
This  equation  expresses  the  relations  of  P  and  V  with  an  average 
error  of  about  0.5  percent.     The  initial  pressure  and  the  degree 


1  The  steam  Engine,  p  385. 

2  Zeitschrift  des  Vereinsdeutschei- Ingenieure.  Vol.  VIII.  p  151. 

3  Technical  Thermodynamics  II,  p. 83. 
■»  Thesis.  University  of  Illinois.  1910. 

^  Technica$Thermodynamics,  II,  p.  223. 
6  Principles  of  Thermodynamics,  p.  203. 
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of  superheat  have  very  little  effect  upon  the  value  of  k  for  the 

ranges  commonly  used  in  practice. 

13.     Values  for  Gases. — The  values  of  k  for  gaseous  mixtures 

commonly  used  in  gas  engines  exhibit  considerable  variation  due 

to  the  variation  in  the  relative  proportion  of  the  constituents. 

C  ■' 

The  value  of  k  for   any  gas  is  the  value  of  the  ratio  -z:— '  and  its 

Or 

constancy  depends  on  the  relative  constancy  of  the  value  of  Cp 
and  Cv  at  different  temperatures.  It  seems  certain,  from  experi- 
ments of  Mallard  and  Le  Chatelier,  that  the  values  of  Gp  and  Gv  in- 

crease  with  increase  of  temperatures,  but  that  the  ratio  -pf-  ^  at  tem- 

peratures  common  to  actual  gas  engine  cycles,   is  very  closely 
constant. 

Most  of  the  following  data  on  the  value  of  k  for  gases  has 
been  taken  from  Guldner\  The  value  of  k  depends,  in  any  par- 
ticular mixture,  upon  the  relative  proportion  of  the  constituents. 
This  may  be  seen  from  the  values  of  k  for  different  gases  given  in 
Table  21,  from  Guldner.  This  table  shows  that  by  different  pro- 
portions of  these  gases  in  a  mixture,  values  of  k  may  be  obtained 
between  the  extreme  limits  of  1 .  210  and  1 ,418.  Thus  k  for  illum- 
inating gas  alone,  for  example,  may  have  a  value  of  1.332,  while 
for  a  mixture  of  this  gas  with  air  in  the  proportion  of  1  to  12,  the 
value  rises  to  1.402,  or  very  nearly  the  value  of  pure  air.  After 
combustion,  the  analysis  of  the  gas  changes,  causing  a  change  of 
k,  the  effect  being  a  lowering  of  its  value  because  of  the  increase 
in  proportion  of  C0.>  and  HoO.  Thus  for  the  mixture  cited  above 
the  value  of /c  after  combustion  is  1.387,  a  drop  of  1.1  per  cent. 
This,  in  a  hypothetical  case  of  an  ideal  gas  engine  cycle,  would 
cause  an  appreciable  difference  in  the  form  of  the  expansion  curve. 

Table  22  gives  all  the  data  necessary  to  compute  the  value  of 
k  for  the  case  of  one  sample  of  illuminating  gas  without  air.  The 
case  of  this  same  illuminating  gas  with  varying  ratios  of  ^  is 
given  in  Table  23.  This  table  gives  the  data  for  the  same  gas 
with  the  varying  combustible  ratios  of  ~  such  as  would  obtain  in 
gas  engine  practice. 

Table  24  gives  the  data  and  values  after  combustion  of  the 
different  mixtures  of  Table  23. 

The  value  of  k  for  any  particular  gas  or  gaseous  mixture  is 
found  as  in  Table  22.      In  general,   rich  gases,  such  as  illuminat- 


ilnternal  Combustion  Engines. 
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TABLE  20 

Adiabatic  Values*  of  A-  for  Various  Initial 
States  of  Pressure  and  Quality 
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Initial  Pressure 
lb.  persq.  in.  abs. 

Initial 

Quality 

20 

40 

60 

80 

100 

120 

140 

160 

180 

200 

220 

240 

LOO 

1.1.31 

1.132 

1.133 

1.134 

1.136 

1.137 

1.138 

1.139 

1.141 

1.142 

1.143 

1.145 

0.95 

1.127 

1.128 

1.128 

1.129 

1.131 

1.131 

1.133 

1.132 

1.134 

1.135 

1.135 

1.137 

0.90 

1.123 

1.123 

1.124 

1.124 

1.126 

1.125 

1.127 

1.126 

1.127 

1.127 

1.128 

1.129 

0.85 

1.119 

1.119 

1.119 

1.119 

1.120 

1.120 

1.119 

1.119 

1.120 

1.120 

1.120 

1.121 

0.80 

1.115 

1.115 

1.114 

1.114 

1.114 

1.114 

1.113 

1.113 

1.113 

1.113 

1.112 

1.112 

0.75 

1.111 

1.110 

1.110 

1.109 

1 .  109 

1.108 

1.107 

1 .  106 

1.106 

1.105 

1.104 

1.104 

0.70 

1.108 

1.106 

1 .  10,5 

1.104 

1.104 

1.102 

1.101 

1.100 

1.099 

1.098 

1.097 

1.096 

0.65 

1.104 

1.102 

1.101 

1.099 

1.098 

1.096 

1.095 

1 .093 

1.092 

1.091 

1.089 

1 .088 

0.60 

1.100 

1.098 

1.096 

1.094 

1.093 

1.091 

1.089 

1.087 

1.085 

1.0H4 

1.081 

1.080 

0.ij5 

1.096 

1.093 

1.092 

1.089 

1.087 

1.085 

1.083 

1.080 

1.078 

1.076 

1.074 

1.072 

0.50 

1.092 

1.089 

1.087 

1.084 

1.082 

1.079 

1.077 

1.074 

1.071 

1.069 

1.066 

1.064 

*Values  calculated  by  equation  fc=l. 059— 0.000315  P+  i0.0706  -f  0.000376  P)  x 


TABLE  21 


Adiabatic  Values  OF  k 
for  Various  Gases 


Gas 

Value  of  k 

H 

1.412 

CH4 

1.270 

CO 

1.408 

C2H4 

1.210 

CO  2 

1.293 

O 

1.418 

N 

1.408 

H20 

1.305 

Ail- 

1.410 

TABLE  22 

Adiabatic   Values  of  k  for  an  Average 
German  Illuminating  Gas 


Composition  by 

Gases 

Cp 

Cv 

GXC]) 

GXCv 

Volume           Weiglit 

H 

i 
0.485         1         0.0845 

3.430 

2.430 

0.2890 

0.2050 

CH4 

0.350                  0.4855 

0..593 

0.468 

0.2880 

0.2270 

CO 

0.070                  0.1703 

0.245 

0.174 

0.0416 

0.0296 

C2H4 

0.045                  0.1093 

0.400 

0.330 

0.0437 

0.0360 

CO2 

0.020                  0.0765 

0.200 

0.155 

0.0153 

0.0119 

0 

0.0025                0-0070 

0.217 

0.153 

0.0015 

0.0019 

N 

0.0275                0.0670 

0.245 

0.174 

0.0164 

0.0117 

Total 


0.6955 


0.5231 


0.6955 


=  1.330 
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TABLE  23 
Adiabatic  Values  of  k  for  Illuminating  Gas  op 

AIR 


Table  22  with  Various  Ratios 


GAS 


Ratio  ^^  by  vol. 
gas 

V 

6 

8 

10 

12 

Ratio  -^^  by  wt. 
gas 

G 

15 

20 

25                30 

Wt.  per  cu.  ft.  of  Mix- 
ture 

lb.         0.0738         0.0748 

0.0757 

0.0769 

1                 ,                 1 
Cfi        0.J667     j     0.2595     1     0.2556         0.2527 

Cv 

0.19H         0.1858     1     0.18i8 

0.1803 

*• 

1.393           1.397           1.399 

1.402 

TABLE  24 

Adiabatic   Values  of  A-  for  Gas  Given 
IN  Table  23,  After  Combustion 


air 

Volume  Ratio 

gas 

6 

8 

,. 

12 

Combustion  of 

Burned  Gasts. 

volumes 

CO-2 

H2O 

0 

n 

0.530 
1.275 
0.150 
4.768 

U.530 
1.275 
0.570 
6.3J8 

0.530 
1.275 

1.000 
7.928 

0.530 
1.275 
1.410 
9.508 

Cinstants  for 

Burned  Gases 

from  1  lb. 

Cp 
Cv 

0.2787 
0.2035 

0.2674 
0.1940 

0.26i3 
0.1894 

0.2-i66 
0.1851 

k 

1.370 

1.380 

1.385 

1.387 
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ing  gas  or  natural  gas,  require  very  large  ratios  of  -i'ir  and  there* 
fore  the  resulting  mixtures  have  values  of  k  very  near  the  value 
for  pure  air,  1.405.  In  the  case  of  lean  gases,  as  blast  furnace 
gas,  or  producer  gas,  requiring  small  ratios  of  '^'^^  the  value  of  k 
"is  lower  or  nearer  the  value  />•  for  the  gas  alone.  The  limits  for 
ordinary  gases  and  mixtures  are  between  the  values  of  1.320  and 
1.405,  while  after  combustion  these  values  are  lowered  somewhat, 
in  general  about  1  to  '2  per  cent.  The  range  of  values  for  gaseous 
mixtures  is  not  nearly  so  large  as  with  steam. 

14.  Values  for  Air  Compressors. — The  proportion  of  the  con- 
stituents of  air  is  almost  always  constant,  so  that  the  values 
<7/)aad  (7,,  are  always  constant  if  we  are  discussing  them  in  tem- 
peratures in  the  range  of  compressor  practice.  This  makes  the 
ratio  of  k  constant.  The  value  of  k  for  air  has  been  determined 
many  times  by  different  investigators  in  different  ways.  The 
degree  of  variation  in  determining  this  constant  will  be  seen  from 
Table  25.  Zeuner^  after  discussing  all  the  values  and  the  exper- 
iments supporting  them,  concludes  that  the  value  1.410  most 
clearly  fits  the  case  of  pure  dry  air.  Zeuner  also  shows  that  in 
cases  of  water  injection  in  compressors,  used  to  keep  down  the 
temperature,  the  value  of  k  does  not  change  materially  from 
1.410.     The  true  value  seems  to  lie  between  1.405  and  1.410. 

15.  Values  for  Compressed  Air  Engines. — The  temperatures 
<ixisting  in  the  engines  using  compressed  air  for  the  active  med- 
ium are  not  far  below  that  existing  in  compressors.  Within  the 
range  covered  by  both,  the  value  of  k  is,  as  far  as  can  be  ascer- 
tained, practically  constant. 

16.  Values  for  Ammonia. — The  properties  of  ammonia  have 
not  been  so  thoroughly  investigated  experimentally  as  those  of 
air  and  the  vapor  of  water.   The  value  of  k,  depending  on  the  value 

of  the   ratios  ~,  therefore  is  not  so  certain  as  the  values  for  the 

Cv 

other  working  media  given.  Various  determinations  place  the 
value  of  k  as  between  l.oO  and  1.333,  these  values  being  some- 
what similar  to  those  of  superheated  steam. 

17.  Values  for  Illuminating  Gas  and  CO.,. — Illuminating  gas 
is  often  compressed  to  send  it  to  outlying  districts  in  cities,  and 
there  its  pressure  is  reduced  for  distribution.      The  value  of  k 

here  depends  in  each  case  on  the  value  of  the  ratio  -p^  from   the 

Cv 


iTechnical  Thermodynanaics,  I.  p.  121. 
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analysis  of  the  particular  gas  compressed.  The  analysis  and 
values  of  the  gas,  made  by  the  New  Orleans  Gas  Company,  New 
Orleans,  La.,  which  is  compressed  to  send  it  to  outlying  districts 
of  New  Ol'leans,  is  given  in  Table  26. 

The  value  of  k  for  this  gas,  1.349,  is  considerably  higher  than 
the  value  of  the  gas  given  in  Table  22,  1.332.  This  is  due  to  the 
very  much  larger  proportion  of  CO  in  the  gas  of  Table  26,  and 
illustrates  well  the  variation  of  this  value  with  gases  of  similar 
heating  value,  but  with  a  different  proportion  of  the  same  constit- 
uents. Lummer  and  Pringsheim  give  the  value  of  k  for  CO2  as 
1.2961  from  their  experiments.    Guldner  gives  the  value  as  1.293. 


TABLE  25 

Adiabatic  Values  of 
k  FOR  AiK  Obtained 
BY  Various  Ex- 
perimenters 


Experimenter 

Value 

La  Place 

1.403 

Dulong 

1.421 

Wullner  at32° 

1.4053 

at212° 

1.4029 

Clement 

1.356 

Masson 

1.419 

Hirn 

1.384 

Weisbach 

1.402 

Cazin 

1.410 

Rontgen 

1.405 

Lummer  and 

Pringsheim 

1.4015 

TABLE  26 
Adiabatic  Values  of  k  for  an  Illuminating  Gas 


I 

11 

III 

IV 

V 

VI 

Constituents 

Per  Cent 

Wt.  of  1  cu. 

Wt.  in  1  cu.  ft. 

Ratio  -^ 

IV  X  V 

Weight 

ft.  lb. 

of  This  Gas, lb. 

kv 

CO2 

2.40 

0.12267 

0.00295 

1.293 

0.00381 

C2H4 

9.00 

0.07809 

0.00703 

1.210 

0.00851 

0 

0.50 

0.08921 

0.00045 

1.418 

0.000635 

CO 

31.00 

0.07807 

0.02420 

1.408 

0.0341 

H 

35.20 

0.00559 

0.00197 

1.412 

0.00278 

CH4 

18.50 

0.04464 

0.00827 

1.270 

0.01050 

n 

3.40 

0.07831 

0.00266 

1.408 

0.00375 

Total 


0.04753 


0.06409 


0.04753 


=  1.349 
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APPENDIX   2 

Description  of  the  Plant 
Apparatus  Used 

The  engine  used  for  the  tests  given  in  Part  I  is  of  the  Corliss 
type,  and  is  a  part  of  the  equipment  of  the  Mechanical  Engineer- 
ing Laboratory  of  the  University  of  Illinois.  The  plant  comprises 
the  engine  and  various  auxiliaries  which  are  used  in  connection 
with  the  engine.  These  auxiliaries  consist  of  a  throttle  valve  in 
the  steam-pipe  line,  an  independently  fired  superheater,  a  direct 
current  generator  with  a  water  rheostat,  a  surface  condenser, 
scales,  and  a  tank.  The  instruments  used  consist  of  indicators, 
steam  pressure  gauges,  thermometers,  ammeters,  a  voltmeter, 
and  a  continuous  revolution  counter. 

The  general  arrangement  of  the  plant,  with  the  exception  of 
the  superheater  and  the  steam  piping,  was  the  same  for  both  sat- 
urated and  superheater  steam  tests.  Steam  was  obtained  from 
the  main  boiler  plant  of  the  University,  located  about  150  ft.  away 
from  the  engine.  Two  pipe  lines,  oneof  6-in.  pipe  for  saturated 
steam  and  the  other  of  4-in.  pipe  for  superheated  steam,  traverse 
the  laboratory,  and  each  is  connected  to  the  steam  pipe  of  the 
engine  tested. 

The  steam  exhausts  from  the  engine  through  30  ft.  of  5-in. 
pipe  to  the  condenser,  where  the  exhaust  steam  is  condensed,  and 
is  then  weighed  in  a  large  tank  on  a  platform  scales.  The  engine 
is  connected  by  a  belt  to  the  generator,  which  furnishes  the  load. 
This  generator  is  loaded  upon  a  water  rheostat  located  close  by. 

1.  The  Engine. — The  engine  is  a  small  well-designed  Corliss 
engine  of  a  standard  type  built  for  heavy  duty  service.  Its  prin- 
cipal dimensions  are  given  in  Table  27.  A  view  of  the  right  side 
of  the  engine  is  shown  in  Fig.  31,  and  a  view  of  the  left  side  is 
given  in  Fig.  32. 

The  cylinder  is  not  steam-jacketed  on  the  ends,  but  is  partly 
jacketed  on  the  barrel  by  the  steam  chest,  the  latter  covering 
about  one-sixth  of  the  barrel  surface.  The  exhaust  passages  are 
separated  from  the  lower  part  of  the  cylinder  barrel  by  a  dead 
air  space  formed  in  cylinder  casting.  The  cylinder  is  shown  in 
section  in  Fig.  34. 

The  engine  is  fitted  with  separate  eccentrics  for  actuating  the 
exhaust  and  the  steam  valves,  thus  enabling  the  steam  valve  gear 
to  cut-off  up  to  about  50%  of  the  length  oflthe  stroke.  The  two 
separate  eccentrics  and  the  two  wrist  plates  are  well  shown  in 
Fig.  31. 
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TABLE  27 
PuiNxiPAL  Dimensions  of  Corliss  Engine 


1.    Type— Horizontal  sinyle-cylinder.  double  eccentric,  non-condensintr.  variable  speed,  heavy 
duty  frame.  Reynolds  Corliss  tnjjrlne. 


2.    Class--Belt  drive  for  mill  work. 


3.    Maker— A  llis  Chalmers  Co  .Milwaukee,  Wisconsin 


4-     Rated  Power  of  Engine— 100  h.  p.  at  U.Tib,  initial  pressure  above  atmosphere  on  indicator 
diagram,  '4  cut-ofT,  and  120  r.  p.  m. 

5.    Cylinder  dimensions:— 

lat    Bore  (measured  while  hot) 12.02in. 

(bi     Stroke 24. 00  in. 

ic)    Diameter  of  piston  rod 2  1^,1  in. 


6.  Clearance— in  per  cent  of  volume  displaced  by  piston  per  stroke 

(a'    Head  end 7.89  per  cent 

(ii»    Crankeud  7. 04  percent 

7.  Speed— Controlled  by  fly-ball  governor  with  variable  gear  ratio  between  main  shaft  and 

governor,  givingr  any  engine  si)eed  from  20  to  160  r.  p.  m     Usual  speed  12Jr  p   m. 


{a)  Speed  Control. — The  speed  of  the  engine  is  controlled  by 
a  fly-ball  governor  acting  on  the  cut-off  cams  of  the  steam  valve 
gear.  Variable  speed  is  obtained  by  varying  the  gear  ratio 
between  the  main  shaft  and  the  governor.  This  gearratio  chaDge 
is  accomplished  by  the  mechanism  shown  to  the  left  of  the  fly- 
wheel in  Fig.  31.  The  mechanism  is  operated  as  follows:  The 
belt  from  the  main  shaft  drives  the  concave  disc  to  the  left  which  is 
loose  on  the  shaft;  this  disc  drives  by  friction  three  fiber  rimmed 
idlers  which  are  mounted  between  two  discs  on  frames  supported 
by  a  stationary  frame  in  a  manner  which  permits  the  plane 
of  the  idlers  with  respect  to  the  shaft  to  be  changed;  the  concave 
disc  to  the  right  is  friction-driven  by  the  three  idlers  and  is  keyed 
to  the  shaft  which  is  connected  through  bevel  gears  to  the  gov- 
ernor. The  discs  are  kept  in  contact  with  the  idlers  by  an  end 
thrust  pi'ovided  by  a  helical  spring  (surrounding  the  shaft)  which 
is  located  between  the  right  disc  and  the  outboard  bearing;  the 
left  disc  is  loose  on  the  shaft  but  works  against  a  collar  formed  by 
the  sleeve  carrying  the  shaft;  the  spring,  therefore,  acting  against 
the  out-board  bearing,  forces  the  right  disc  against  the  idlers  and 
the  left  disc  against  its  collar.  The  hand  wheel  shown  in  the 
figure,  by  a  gear  and  sector  device  not  shown,  changes  the  plane 
of  the  idlers  with  respect  to  the  shaft,  and  therefore  changes  the 
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gear  ratio  between  the  two  discs.  This  device  permits  any  speed 
from  20  to  160  r.  p.  m.  to  be  obtained.  A  leakage  test  of  all 
valves  and  the  piston,  the  engine  being  at  rest,  showed  that  these 
parts  were  fairly  tight. 

2.  The  Superheater. — The  superheater  is  of  the  Foster  sep- 
arately-fired type, and  is  rated  at  200°  F.  of  superheat  for  a  flow 
of  4500  lb.  of  steam  per  hour.  The  draft  is  induced  by  an  engine- 
driven  fan. 

3.  The  Condenser — The  condenser  is  of  the  Worthington  sur- 
face type  having  362  sq.  ft.  of  condensing  surface.  Two  pumps 
are  provided;  one  a  Worthington  circulating  pump  drawing  its 
water  from  a  creek  about  40  ft.  away,  the  other,  a  Blake  wet  air 
pump,  discharging  into  a  tank  on  a  platform  scales.  Tests  at  fre- 
quent intervals  showed  that  the  condenser  was  practically  with- 
out leakage. 

4.  Tlie  Generator  and  Water  Rheostat. — The  engine  was 
loaded  on  a  generator  and  water  rheostat  shown  in  Fig.  33.  This 
generator  is  of  the  Edison  bi-polar  type,  and  is  rated  at  100  kw. 
at  140  volts,  thus  giving  a  full  load  current  of  715  amperes.  The 
field  was  separately  excited  for  the  tests,  the  current  being  ob- 
tained from  the  laboratory  220-volt  direct  current  supply. 

Fig.  33  shows  the  arrangement  of  the  loading  part  of  the  plant. 
The  generator  output  was  conducted  through  cables  in  the  conduit 
shown  to  the  main  switch  on  the  switch-board:  here  connections 
were  made  to  the  plates  of  the  water  rheostat.  Voltmeter  and  am- 
meter connections  are  made  on  the  back  of  the  switchboard.  The 
table  shown  to  the  right  of  Fig.  33  contains  the  voltmeter  and 
millivoltmeter  for  the  main  load  current,  and  the  field  ammeter 
and  rheostat  for  controlling  the  voltage.  The  water  rheostat 
consists  of  three  water-tight  wooden  barrels,  each  containing  two 
iron  plates,  one  positive  and  one  negative.  The  connections  of 
all  the  barrels  are  in  parallel.  Referring  to  Fig.  33,  and  describ- 
ing only  one  barrel,  a  plate  connected  to  the  negative  terminal  is 
placed  on  the  bottom  of  the  barrel;  the  positive  terminal  is  con- 
nected through  the  looped  wire,  shown  to  the  front,  to  a  movable 
plate  suspended  by  a  rope  from  the  long  shaft  hung  under  the 
frame  carrying  the  conductors.  This  long  shaft  is  turned  by 
means  of  the  handwheel  and  worm  device  shown.  The  rope  hold- 
ing the  upper  plate  is  tied  through  a  hole  in  the  shaft,  so  that 
when  the  shaft  is  turned,  the  rope  is  wound  up,  or  vice  versa,  as 
desired.  The  desired  load  as  shown  by  the  millivoltmeter  is  ob- 
tained by  regulating  the  distance  between  the  plates  and  by  throw- 
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ing  salt  in  the  water  to  obtain  the  desired  resistance.  An  over- 
flow from  the  top  of  each  barrel  is  provided  at  the  back,  so  that 
when  the  water  boils,  cold  water  is  admitted  so  that  the  heat  is  car- 
ried away  in  the  overllow  water  instead  of  by  the  boiling  of  the 
water.  All  the  upper  plates  are  lowered  simultaneously  by  means 
of  a  long  shaft.  An  almost  absolutely  constant  load  is  maintained 
by  this  rheostat. 

5.  The  Inst ruiaeiits. — The  various  instruments  used  were  care- 
fully calibrated. 

Indicatohs 

The  indicators  and  the  indicator  ri^  are  shown  in  positions 
in  Fig.  32.  Two  Crosby  inside  spring  indicators  in  very  good 
condition  were  used  for  the  tests.  The  pipe  connections  consist 
of  5  inches  of  ^  in.  pipe  for  each  indicator.  The  reducing  motion 
is  a  wooden  pantagraph  mounted  as  shown.  The  lost  motion  in 
the  indicator  rig  was  less  than  .01  in. 

Great  care  was  observed  in  the  indicator  work,  since  the  in- 
dicator diagrams  themselves  formed  the  basis  of  the  results  to  be 
obtained.  The  pistons  were  oiled  at  intervals  of  about  one  hour. 
The  springs  were  calibrated  by  steam  in  the  indicators  used,  by 
a  Cooley  fluid  scales  tester,  using  a  method  which  duplicated  al- 
most exactly  the  conditions  under  which  the  indicators  were  used 
during  the  tests. 
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APPENDIX  3 

Test  Methods 

1.  P/yli itiinary .—The  object  of  the  investigation  given  in 
Part  1  was  to  examine  the  values  and  relations  of  the  exponent  n 
obtained  from  the  expansion  curve  of  the  indicator  diagrams 
under  different  conditioas  of  pressure,  speed,  and  cut-off.  The 
effect  of  changing  one  of  tliese  variables  was  studied  while  keep- 
ing the  other  two  constant.  The  method  of  testing  was  planned 
therefore  with  a  view  to  maintaining  the  conditions  of  pressure, 
speed,  and  cut-off  as  constant  as  was  possible  during  any  one  test. 

2.  Length  of  Tests. — Tests  may  be  very  short  when  a  surface 
condenser  is  used  and  constant  conditions  are  maintained.  Prior 
to  running  a  test,  the  engine  was  operated  for  about  one  hour. 
It  was  found  that  after  the  operating  conditions  for  one  test  had 
been  maintained  constant  for  ten  minutes  that  the  steam  con- 
densed per  unit  of  time  was  almost  exactly  constant.  After  the 
conditions  had  become  constant,  it  was  found  that  30  minutes  of 
operation  gave  a  length  of  test  which  produced  trustworthy  and 
consistent  results.  All  observations  and  diagrams  were  taken 
every  three  minutes  in  response  to  a  signal  given  on  the  even 
minute.  Six  observers  were  required  to  maintain  the  desired 
conditions  of  load,  pressure,  superheat,  and  to  take  the  readings. 

3.  Control  of  Steam  Pressure  and  Temperature. — The  steam 
pressure  was  closely  controlled  by  an  observer,  who  throttled  the 
steam  in  the  main,  before  it  reached  the  engine,  to  the  pressure 
desired  as  shown  by  a  gauge  at  the  valve.  Ordinarily  this  pres- 
sure was  maintained  to  within  three  pounds  of  the  pressure 
desired.  It  was  decided  to  keep  the  steam  temperature  for  the 
superheated  steam  tests  constant  at  500°  F.  at  the  superheater. 
The  superheater  w^as  operated  by  an  observer  who  was  guided  by 
the  indication  of  a  thermometer  placed  in  the  pipe  carrying  the 
steam  leaving  the  superheater.  Ordinarily,  the  temperature  of 
the  steam  w^as  kept  within  the  limits  of  490°  to  510°  P.  The 
temperature  variation  at  the  steam  chest  of  the  engine  did  not  ex- 
ceed 2°  or  3°  P.  during  one  test.  The  load  was  kept  to  within 
about  1  per  cent  variation  from  the  average  load  during  one  test. 
A  back  pressure  of  about  h  lb.  above  the  atmosphere  was  main- 
tained at  the  engine  by  keeping  the  vacuum  at  the  condenser  at 
1.5  in.  of  mercury,  this  vacuum  being  controlled  by  an  observer  who 
regulated  an  air  leakage  valve  on  the  condenser. 

4.  Plan  of  Tests. — 'The  testing  crew  became  expert  in  control- 
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ling  the  conditions  so  that  the  variations  from  constant  conditions 
were  remarkably  small  for  test  work.  When  the  conditions  of 
one  test  varied  for  any  reason  more  than  the  amounts  given,  this 
test  was  not  used  for  the  purposes  of  the  investigation. 

The  tests  were  designated  in  the  laboratory  by  a  symbol  in- 
dicating the  conditions  to  be  maintained.  Thus,  test  500°-100-52- 
120  indicated  that  the  steam  was  to  be  superheated  to  500°  F.  at 
the  superheater;  that  100  lb.  gauge  pressure  was  to  be  maintained 
at  the  engine  throttle;  and  52  kw.  load  was  to  be  put  on  the  gen- 
erator; and  that  the  speed  was  adjusted  to  be  120  r.  p.  m,  measured 
at  no  load. 

5.  Data  for  Test  52.— AW  the  readings  to  Test  52  (500°  100- 
52-120)  are  given  in  Table  28.  A  study  of  these  readings 
shows  the  constancy  of  conditions  that  was  attained. 

Method  of  Selecting  One  Set  of  Indicator  Diagrams 
TO  Represent  the  Average  Conditions  of  One  Test 

After  a  test  was  run,  the  constancy  of  the  conditions  of  pres- 
sure, superheat,  load,  the  number  of  revolutions  and  the  weight  of 
the  condensate  for  each  3-min.  reading  was  examined.  If  the  va- 
riations of  these  conditions  were  within  the  limits  selected,  the 
test  was  worked  up  in  the  usual  manner.  It  was  generally  found 
that  the  area  of  each  of  the  indicator  diagrams  for  each  end  of 
the  cylinder  was  within  3  per  cent  of  the  mean  area.  The  gauge 
pressure  for  each  reading  at  which  the  diagrams  were  taken  was 
found  in  general  to  vary  less  than  3  lb.  from  the  average.  To  rep- 
resent the  average  conditions  of  one  test,  the  simultaneous  com- 
bination of  a  gauge  pressure  reading  nearest  to  the  average  and 
of  one  set  of  diagrams  which  had  an  area  nearest  to  the  mean 
area,  was  sought.  This  combination  gave  one  set  of  diagrams, 
taken  at  the  average  pressure,  which  represented  the  average 
area  of  all  the  diagrams.  This  mean  combination  condition  could 
generally  be  satisfied  to  within  i  of  1  per  cent  of  the  average 
area. 

The  value  of  the  average  quality  of  the  steam  mixture  pre- 
sent in  the  cylinder  at  cut-off,  and  the  average  value  of  n  for  both 
expansion  curves  were  obtained  from  this  set  of  diagrams  (trans- 
ferred to  the  logarithmic  form)  selected  as  representative  average 
conditions.  The  unit  of  measurement  of  both  quality  and  n  was 
therefore  the  revolution. 

The  manner  of  selecting  the  representative  diagrams  is  illus- 
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trated  in  Table  28.  The  areas  of  the  diagrams  are  given  in 
columns  1-4  and  15.  The  pair  taken  at  2:44,  the  time  of  reading 
No.  9,  was  chosen.  The  steam  pressure  for  this  reading  is  99.5 
lb.  at  the  throttling  valve,  while  the  average  is  99.4  lb.  The  pres- 
sure at  the  engine  throttle  was  94.1  lb.,  while  the  average  was 
95.1  lb.  This  last  pressure,  94.1  lb.,  was  always  read  some  time 
after  the  signal  for  readings,  while  the  pressure  at  the  throttling 
valve  was  always  read  at  the  time  of  the  signal. 

The  area  of  the  crank- end  diagram  of  the  pair  selected  is 
2.70  sq.  in.,  while  the  average  is  2.714  sq.  in.;  the  area  of  the  head- 
end diagram  is  3.05  sq.  in.,  while  the  average  is  3.055 sq.  in.  The 
crank-end  diagram  is  0.5  per  cent  lower  in  area  than  the  average; 
the  head-  end  diagram  is  0. 2  per  cent  lower  than  the  average ;  both  of 
them  considered  together  are  0.35  per  cent  below  the  average. 
This  figure,  0.35,  may  be  taken  to  show  the  average  difference,  and 
shows  that  no  material  error  is  introduced  by  this  method. 

6.  Methods  of  Computation. — The  manner  of  computing  the 
value  of.  occ  and  n  is  given  for  test  30,  the  representative  indicator 
diagrams  of  which  are  given  in  Fig,  15,  and  the  logarithmic  dia- 
grams in  Fig,  9.  The  results  of  the  computations  for  all  tests  are 
given  in  Tables  1  and  2. 

The  absolute  pressure  of  cut-off  was  determined  from  the  indi- 
cator diagrams  at  a  point  located  by  inspection,  as  was  also  the 
per  cent  of  cut-off,  the  latter,  however,  not  being  involved  in  this 
investigation.  The  cut-off  pressures  for  all  the  tests  constituting 
one  group  were  averaged  and  this  average  was  used  to  obtain  all 
values  of  Xc  for  one  group.  Test  30  belongs  to  group  G,  com- 
prising series  6  and  14,  and  the  average  absolute  pressure  at  cut- 
off was  129.0  lb. 

The  logarithmic  diagrams  of  test  30,  shown  in  Fig.  9,  are  the 
basis  of  the  calculations  for  the  value  of  Xc.  The  calculations 
which  follow  are  given  in  detail  in  the  same  form  as  they  were 
made  for  all  tests. 

Computation  for  the  Values  of  Xc  and  n  for  Test  30. 
(Volumes  Obtained  from  Fig.  9.) 

Steam  present  at  cut-ofY  pressure  of  129.0  lb.  absolute 

Volume  of  steam  present,  head   end  0.482  cu.  ft. 

Volume  of  steam  present,  crank  end ..0.478cu.  ft. 

Total,  head  and  crank   end  0.960  cu.  ft. 

Specific  volume'  of  steam  at  129.0  11). absolute  =3.i78  cu.  ft.  per  lb. 

iMarks  and  Davis  Steam  Tables. 
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Weight  of  steam  present  at  cut-oflf    o\~a  =0.2760  lb. 

Steam  regained  in  compression  at  15.0  lb.  absolute 

Volume  of  steam  present,   head  end.. 0.350  cu.  ft. 

Volume  of  steam  present,  crank  end 0.322  cu.  ft. 

Total,  head  and  crank  ends 0.672  cu.  ft. 

Specific  volume  of  steam  at  15.0  lb.  absolute  =  26.27  cu.  ft.  per  lb. 

Weight  of  steam  retained  in  compression     '   '~=  0.0256  lb. 

26.2/ 

FromTablel,  the  weight  of  steam  and  water  supplied  =  2796  lb.  per  hour 
Revolutions  per  hour 6840 

Pounds  of  steam  and  water  supplied  per  revolution  =   '/.,..  =0.4087  lb. 

6840 

Total  weight  of  mixture  present  per  revolution 

0.4087  lb.  supplied 

0.0256  lb.  retained  in  compression 

0.4343  lb.  total  present 

Xc  =  0--^^0  =0.635,  or  63.5%  present  as  steam. 
0.43  i3 

Value  of  n  from  point  0,  Fig.  9. 

Head  end    Length  0-Y=  1.575  in. 
0Y=  1.56    in. 

n,  head  end  =  i:^  =1.010 
1.56 

Similarly  n,  crank  end  =  ii^^=  1.006 
1.525 

Average  value  of  n  =1.008 

When  the  actual  cut-off  pressure  was  less  than  129.0  lb.,  the 
line  of  constant  weight  of  steam  mixture  on  the  logarithmic  dia- 
gram was  extended  to  this  pressure,  and  the  calculations  made. 

7.  Compression  Steam.  — The  point  of  compression  was  selected 
in  the  following  manner  from  Fig.  9  for  the  reasons  explained  fully 
on  page  49.  The  straight  line  of  the  compression  curve  on  the 
logarithmic  diagram,  or  the  line  of  constant  weight  of  steam  mix- 
ture, was  prolonged  dotted  as  shown  to  the  back  pressure.  In 
these  tests  the  average  back  pressure  was  about  15.0  lb.,  and 
this  back  pressure  was  used  to  calculate  all  steam  retained  in 
compression.  The  intersection  of  the  compression  line,  pro- 
longed, with  the  back  pressure  line  (15.0  lb.),  extended,  was 
taken  as  tlie  volume  of  dry  steam  retained  in  compression.  This 
method  generally  gives  less  steam  retained  tlian  the  ordinary 
method. 
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T  EE  Engineering  Experiment  Station  was  established  by 
'  action  of  the  Board  of  Trustees,  December  8,  1903.  It  is 
the  purpose  of  the  Station  to  carry  on  investigations 
along  various  lines  of  engineering  and  to  study  problems 
of  importance  to  professional  engineers  and  to  the  manu- 
facturing, railway,  mining,  constructional,  and  industrial  interests 
of  the  State. 

The  control  of  the  Engineering  Experiment  Station  is  vested 
in  the  heads  of  the  several  departments  of  the  College  of 
Engineering.  These  constitute  the  Station  Staff,  and  with  the 
Director,  determine  the  character  of  the  investigations  to  be  under- 
taken. The  work  is  carried  on  under  the  supervision  of  the  StafE, 
sometimes  by  research  fellows  as  graduate  work,  sometimes  by 
members  of  .the  instructional  staff  of  the  College  of  Engineer- 
ing, but  more  frequently  by  investigators  belonging  to  the 
Station  corps. 

The  results  of  these  investigations  are  published  in  the 
form  of  bulletins,  which  record  mostly  the  experiments  of  the 
Station's  own  staff  of  investigators.  There  will  also  be  issued 
from  time  to  time  in  thg  form  of  circulars,  compilations  giving 
the  results  of  the  experiments  of  engineers,  industrial  works, 
technical  institutions,  and  governmental  testing  departments. 

The  volume  and  number  at  the  top  of  the  title  page  of  the 
cover  are  merely  arbitrary  numbers  and  re^'ar  to  tne  general  publi- 
cations of  the  University  of  Illinois;  above  the  title  is  given  the 
number  of  the  Engineering  Ex'pervment  Station  bulletin  or  circular, 
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address  the  Engineering  Experiment  Station,  Urbana,  Illinois. 
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THE  EFFECTS  OF  GOLD  WEATHER  UPON  TRAIN 
RESISTANCE  AND  TONNAGE  RATING 

I.    Introduction 

The  resistance  oIYered  by  railway  (rains  is  greater  in  cold 
weather  than  it  is  under  ordinary  summer  temperatures.  Evi- 
dence of  this  I'act  will  occur  to  all  who  are  concerned  with  train 
operation,  and  its  recognition  has  led  to  the  practice  of  reduc- 
ing tonnage  ratings  of  locomotives  during  cold  weather.  This 
practice  is  almost,  universal  among  the  railroads  operating  in 
the  northern  part  of  the  United  Slates  and  in  Canada.  On  the  few 
roads,  running  in  this  territory,  which  do  not  reduce  ratings  dur- 
ing cold  weather,  it  seems  probable  that  the  ordinary  summer 
ratings  are  lower  than  tliey  might  well  be  and  that  consequently 
the  locomotives  have  a  reserve  tractive  effort  great  enough  to 
permit  them  to  handle  these  same  ratings  throughout  the  winter 
months. 

Any  method  of  tonnage  rating  should  recognize  the  three 
important  variables  which  modify  train  resistance,  viz.,  speed. 
average  weight  of  the  cars,  and  air  temperature.  The  influence 
of  speed  is  quite  generally  allowed  for  in  establishing  ratings 
and  it  is  becoming  more  and  more  customary  to  make  distinctions 
in  rating  on  account  of  dilTerences  in  car  weight.  The  influ- 
ence of  the  third  variable,  air  temperature,  may  be  as  areat  as 
that  of  either  speed  or  car  weight,  and  it  is  proper  that  it  should 
have  received  as  general  consideration  in  establishing  winter 
ratines  as  has  been  accorded. 

Recognizing  the  importance  of  the  subject,  the  Railway  En- 
gineering department  of  the  University  of  Illinois,  two  years  ago, 
undertook  tests  to  determine  the  increase  in  train  resistance  due 
to  cold  weather,  and  this  work  is  still  in  progress.  It  is  hoped 
that  it  may  result  eventually  in  information  sufTiciently  specific 
to  indicate  the  law  according  to  which  train  resistance*  and 
air  temperature  are  related,  and  thereby  to  enable  the  reductions 
in  rating  for  dilTerent  air  temperatures  to  be  determined  with 
greater  certainty  than  is  now  possible;  for,  as  will  appear  later, 
there  is  at  present  considerable  diversity  of  practice  concerning 
such  tonnaffe  reductions.    These  tests  are  still  far  from  being 


'Throughout  the  paper,  train  resistance  means  the  force  needed  to  keep  the  train  moving 
at  uniform  speed  on  straight,  level  track  and  in  still  air.  This  force  is  expressed  in  pounds  per 
ton  of  train  weight. 
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completed  and  ihe  data  in  hand  do  not  yet  warrant  definite  con- 
clusions. The  work  has,  however,  gone  far  enough  to  develop 
some  rather  interesting  results  and  it  is  the  purpose  here  to  pre- 
sent this  evidence  and  also  to  present  a  summary  of  the  current 
practice  of  American  railroads  in  reducine;  lunnage  ratings  dur- 
ing cold  weather. 

The  material  here  presented  was  first  published  in  substan- 
tially the  same  form  in  the  Proceedings  of  the  Central  Railway 
Club  for  January,  1912,  and  is  reproduced  by  permission.  The 
tests  referred  to  were  made  possible  by  the  courtesy  of  the  officers 
of  the  Illinois  Central  Railroad. 

Before  presenting  the  experimental  results,  it  may  be  helpful 
to  examine  the  ways  in  which  low  air  temperatures  may  affect 
tonnage  rating.  In  establishing  a  rating,  the  purpose  is  to 
equate  locomotive  tractive  effort  and  the  total  resistance  of  the 
train,  i.  e.,  to  determine  a  train  whose  gross  resistance  shall 
equal  the  available  tractive  eiforl.  Anything,  therefore,  which 
decreases  tractive  etf  ort  or  which  increases  resistance  will  neces- 
sitate a  reduction  in  rating.  A  drop  in  air  temperature  does  both 
these  things.  Cold  weather  decreases  tractive  effort  by  decreas- 
ing the  capacity  of  the  locomotive  boiler.  This  it  does  in  two 
ways — first,  by  increasing  the  amount  of  heat  lost  by  radiation, 
and  second,  by  lowering  the  temperature  of  combustion.  At  low 
speed  the  reduction  i  n  boiler  capacity  by  increased  radiation  prob- 
ably does  not  amount  to  more  than  two  or  three  per  cent  even  in 
very  cold  weather.  The  decrease  in  combustion  temperature  must 
be  so  small  as  to  be  negligible  in  its  effects  on  steam  production. 
Some  slight  decrease  in  the  efficiency  of  the  performance  within 
the  cylinders  probably  also  ensues  in  cold  weather,  but  data  do  not 
exist  to  enable  us  to  evaluate  this  effect.  Gold  weather  further 
decreases  tractive  effort  by  increasing  the  machine  friction  in  all 
the  locomotive  bearings.  Since,  however,  the  total  machine  fric- 
tion is  itself  not  generally  more  than  eight  or  ten  per  cent,  when 
maximum  tractive  effort  is  being  developed,  it  is  apparent  that 
even  considerable  variations  in  this  friction  cannot  greatly  affect 
tractive  effort.  Taking  all  these  facts  into  consideration,  it  seems 
likely  that  cold  weather  does  not  greatly  reduce  the  tractive  ef- 
fort of  locomotives,  and  that,  consequently,  it  does  not  neces- 
sitate radical  reductions  in  rating  in  so  far  as  its  effect  upon  the 
locomotive  itself  is  concerned.  Probably  a  reduction  in  rating 
0''  four  or  five  per  cent,  even  with  air  temperatures  as  low  as  0°F., 
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is  siifiiciont  to  allow  fui'  llic  I'cdiiccd  Iraclixc  rlToii  of  IJir  loco- 
molive. 

The  inlliiciic'c  of  (•(»!(!  wcalin'i-  in  iiicrcasiiiii  lolal  Iraiii  I'csis- 
lance  is.  however,  greater  than  its  iiilhiciicc  on  tractive  effort. 
Under  the  conditions  prevailing  at  riding  grades,  total  train  re- 
sistance is  made  up  of  net  resistance  as  above  defined,  together 
with  resistances  due  to  grade,  to  acceleration,  ajid  lo  curva- 
ture. 01'  these  four  eleuKMits  of  resistance  only  the  first — 
the  net  resistance  on  straight  level  track  at  uniform  speed — 
is  at  all  alTected  by  temperature.  At  the  speeds  at  which  freight 
trains  pass  ruling  grades,  this  net  resistance  is  composed  almost 
entirely  of  those  resistances  which  develop  at  the  wheel  tread 
and  the  resistance  developed  in  the  car  joiuMials.  The  former  we 
shall  call  rolling  resistance  and  the  latter  journal  resistance. 
When  the  temperature  of  the  air  falls  below  the  freezing  point, 
the  moisture  in  the  road  bed  freezes  and  the  whole  track  struc- 
ture becomes  less  yielding.  It  seems  reasonable  to  expect  that 
under  these  conditions  the  rolling  resistance  will  be  ditferent 
from  what  it  is  in  summer  weather.  Whether  it  is  greater 
or  smaller  does  not  appear,  although  there  are  some  reasons  for 
supposing  it  to  be  less  on  "frozen  track."  Whether  it  is 
arreater  or  smaller  need  not  concern  us  here,  for  it  is  altogether 
likely  that  at  the  speeds  prevailing  at  ruling  grades  this  rolling 
resistance  is  much  less  than  the  other  element  of  resistance,  viz., 
the  journal  friction.  It  is  in  journal  friction,  therefore,  that  we 
must  seek  for  the  explanation  of  the  effect  which  cold  weather 
is  known  to  produce  upon  train  resistance  and  consequently 
upon  tonnage  rating. 

A  brief  review  of  the  actions  within  the  car  journal  may 
serve  to  make  clearer  the  way  in  which  temperature  affects  the 
journal  resistance.  In  the  journals  of  a  car  which  has  been 
standing,  the  oil  film  has  been  broken  through  and  the  journal 
and  brass  are  probably  in  direct  contact.  The  temperature  of 
the  oil  and  of  all  the  bearing  parts  is  the  same  as  that  of  the  air, 
and  the  lower  this  temperature,  the  more  viscous  is  the  oil.  As 
the  car  starts  and  the  journal  turns,  oil  is  brought  up  from  the 
waste  below  and  the  film  of  oil  begins  to  establish  itself.  Until 
this  oil  film  is  established  over  the  whole  journal,  the  friction  is 
high  and  gives  rise  to  the  great  starting  resistances  which  pre- 
vail at  this  time.  As  the  journal  continues  to  turn,  the  oil 
and  all  bearing  parts  begin  to  warm  up,  due  to  the  heat  devel- 
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oped  by  the  bearing  friction.  As  the  temperature  increases,  the 
viscosity  of  the  oil  diminishes  and  the  resistance  decreases.  The 
temperature  of  tlie  bearing  continues  to  increase  until  the  rate  of 
heat  production  within  the  bearing  equals  the  rate  at  which  the 
heat  is  dissipated  from  the  box  and  other  parts,  such  as  the  axle. 
At  this  point,  the  bearing  temperature  becomes  constant  and  the 
resistance  reaches  its  minimum  value  and  here  remains.  This 
dissipation  of  heat  is  accomplished  by  the  air  moving  over  the 
box  and  axle,  and  the  rate  of  heat  dissipation  varies  almost 
directly  with  the  amount  of  the  difference  between  the  tempera- 
ture of  the  bearing  and  the  temperature  of  the  surrounding  air. 
To  maintain  a  certain  rate  of  dissipation  of  heat  the  journal 
temperature  may  be  lower  therefore  in  cold  weather  than  in 
warm  weather,  the  temperature  of  equilibrium  attained  by  the 
journal  is  consequently  lower  in  cold  weather  than  in  warm 
weather,  and  the  minimum  viscosity  of  the  oil  is  greater.  On 
these  accounts  we  are  prepared  to  find  that  the  minimum  resist- 
ance attained  in  cold  weather  is  greater  than  in  warm  weather. 
These  statements  are  exemplified  by  the  following  record  of 
journal  temperatures  obtained  by  the  use  of  the  University  of 
Illinois  dynamometer  car:* 

Test  number lOQi       2007 

Average  air  temperature — degrees  F  63  9 

Approximate  average  test  speed — m.  p.  li 16  15 

Maximum    temperature    attained    bj^    test    car   journal — 

degrees  F 116  98 

These  tests  differ  chiefly  in  the  air  temperature.  In  the  test 
on  the  colder  day  the  temperature  of  equilibrium  attained  by  the 
journal  is  18°  less  than  that  attained  on  the  warmer  day. 

In  another  series  of  tests  in  which  the  journal  temperature 
was  measured,  the  resulting  average  maximum  journal  tempera- 
tures attained  during  the  tests  were  about  125°.  137°  and  145°  for 
constantly  maintained  speeds  of  10.  80  and  30  miles  per  hour, 
respectively.  In  this  case  the  temperature  is  derived  from  a 
journal  of  one  of  the  cars  in  the  test  train.  This  car  weighed 
101,0001b.  and  was  equipped  with  5  in.  by  9  in.  journals.  The  air 
temperature  during  these  tests  varied  from  62°  to  90°.  These 
values  serve  to  show  the  temperatures  attained  in  a  heavily  loaded 
journal  and  also  to  show  the  influence  of  speed  on  these 
temperatures. 

•This  car  is  equipped  with  a  recording  thermometer,  the  bulb  of  which  is  inserted  in  a  hole 
drilled  in  the  body  of  one  of  the  journal  brasses.  This  instrument  makes  a  continuous  record 
of  journal  temperature.  The  car  weighs  58.000  lb.,  and  is  equipped  with  4M  in.  by  Sin.  journals 
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II.       ResILTS    of    I'iXPElUMKNTS 

Two  years  agi»  the  Railway  Engineering-  deparlment  of  llie 
L'nivei'si(y  of  Illinois  completed  a  series  of  tests*  to  determine  the 
inlhience  of  car  weight  on  resistance.  These  tests  were  intended 
1(»  show  only  the  resistance  prevailing  in  summer  weather  in 
ordi'r  that  they  might  serve  as  a  basis  for  normal  or  "'snmmer 
ratings."  Tests  made  dnringcold  weather  have  therefore  been 
eliminated  from  (he  results.  These  results  are  liere  presented  as 
Fig.  1  meri'ly  to  (dl'er  a  basis  of  comparison.  In  deriving  (he 
curves  of  Fig.  I  it  was  necessary  to  produce  for  each  test  such  a 
curve  as  is  shown  in  Fig.  2  in  which  the  relation  between  speed 
and  resistance  is  indicated.  Fig.  2  sh(jws  the  values  for  resis- 
tance at  various  speeds  for  test  1U27  made  in  July,  1008,  during 
whicli  the  air  temperature  varied  from  (54°  to  SO".  In  such 
a  diagram  a  definite  relation  between  resistance  and  speed  is 
obvious  and  no  ditficulty  was  experienced  in  drawing  a  curve  to 
r(^present  fairly  this  relation.  In  these  respects  Fig.  2  is  quite 
characteristic  of  the  entire  series  of  32  tests  which  led  to  the 
conclusions  embodied  in  Fig.  1.  It  should  be  borne  in  mind 
that  these  tests  were  made  in  warm  w-eather. 

As  the  tests  progressed,  however,  and  cold  weather  \^•as  en- 
countered, the  plotted  values  of  resistance  and  speed  exhibited 
no  such  obvious  relation.  Fig.  3  shows  the  resistances  at  var- 
ious speeds  obtained  from  test  1041,  the  first  test  made  in  cold 
weather.  This  test  was  made  on  October  31,  1908  and  the  air 
lemperatiu'e  varied  from  30°  at  the  beginning  to  42°  at  the  end  of 
the  test.  If  there  is  a  definite  relation  between  resistance  and 
speed  for  this  test.  Fig.  3  certainly  does  not  disclose  it  and  it 
Wduld  re(|uireconsideral)lehardihood  to  try  to  drawacurve  for  the 
points  there  shown.  The  attempt  to  discover  a  reason  for  the 
discordance  among  resistance  values  disclosed  in  Fig.  3  by  a 
C(tmparison  of  the  cundilioiis  prevailing  in  test  1041  with  the 
conditions  of  the  preceding  tests,  made  it  clear  that  this  test  dif- 
fered chiefly  in  being  run  dnringcold  weather.  The  explana- 
tion was  sought  in  Ibis  fact. 

In  Fig.  3  the  resistance  values,  for  speeds  in  llie  nelghboi-- 
liood  of  15  miles  per  hour,  vary  From  8.0  lo  12. (i  lb.  j)er  ton,  and 
similar  variations  occur  at  other  s|)eeds.  If  cold  wefillier  causes 
these  variati(»ns,  it  does  so  thrfjugh  its  infiueuce on, journal  tem- 
perature.    It  was  C(jnceived,  Iherefore.  thai  the  varialious   were 

♦Freight  Train  Resistance:  Bulletin  43  of  the  Entrineerin^  Experiment  Station  of  the 
University  of  Illinois. 
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due  to  differencos  in  Journal  temperature,  and  tliat  tliese  ditTer- 
eiices  were,  in  tlieir  turn,  due  to  llie  fact  tliat  most  of  the  points* 
ill  Fig.  3  applied  to  the  period  during  which  the  journals  were 
warming  up.  In  other  words,  it  was  assumed  that  cold  weather 
had  unusually  delayed  in  this  test  the  time  at  which  the  temper- 
ature of  equilihrium  of  the  journal  became  established. 
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Fig.  4.    Showing  the  Decrease  in  Resistance  as  the  Train  o?  Test  1041 

Progresses.    The  Resistances  Apply  to  a  Speed  of 

ABOUT  15  Miles  per  Hour 

If  these  assumptions  are  correct,  it  might  be  expected  that  a 
diagram  showing  the  resistance  values  and  the  corresponding 
journal  lemperatures  would  disclose  their  intimate  relation.  r\o 
record  of  journal  temperature  was  available  at  this  time  and  it 
was  consequently  impossible  to  produce  such  a  diagram.  If, 
however,  the  journal  temperature  was  varying,  it  must  have  been 
increasing  as  the  Irain  moved  further  and  further  fro,m  the  start- 
ing point,  and  if  was  concluded  that  if.  for  each  point  on  the 
road  at  which  resistance  had  been  determined,  its  value  were 
plotted  with  respect  to  the  distance  of  that  point  from  the  be- 
ginning of  Ihe  run.  such  a  plot  would  reveal  a  regular  variation 
of  resistance  with  distance  due  lo  the  inihience  of  distance  upon 


♦Each  point  in  this  and  succeeding  diagrams  represents  the  resistance  value  applying  to 
a  particular  position  of  the  train  upon  the  road.  It  may  define  the  momentary  resistance  as 
the  train  passes  a  particular  point,  or  it  may  define  the  average  resistance  during  the  time  the 
train  passes  a  short  track  section. 
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Journal  U'mjx-i-alurr.  II  was  lii»]if(l  llial  siu-h  a  (liai;i-aiii  wi.iild 
(tllVi'  an  i'X])lanati(in  nC  (lie  (iiscni-danct'  among-  Ihc  values  shown 
in  Fig.  ;3.  This  assuinj)li(»ii  was  IrshMJ  in  Ihc  roijowing  niannci'.- 
On  Fig.  3  Ihi'  Iwo  lines  A  and  I!  were  draw  n  cinhracing  all 
]»oinls  whose  speed  \alues  lie  helwcen  14  and  Id  miles  jxm'  hoiu'. 
All  ])oinls  lying  within  Ihe  hell  defined  j)y  lines  A  and  U  jjepjain, 
Ihereroi'e.  (o  speeds  which  ai'e  nol  far  I'l'om  15  miles  \u'V  lioin-. 
The  resislanee  values  ol'  Ihe  points  lying  w  ithin  this  zone  were 
next  phdteci  as  Fig.  i.  in  which  vertical  distances  again  denolc 
resistance,  and  hoi'izoiital  distances  represent  miles  run  Irom 
the  starting  point.  The  points  which  in  zone  AB  of  Fig.  3  liaNc 
the  Iiighest  resistance  values  are  lound  in  Fig.  4  near  the  hegin- 
niiig  of  Ihe  run.  whereas  those  having  the  loAvesI  resistance 
values  fall  at  the  end  of  the  run.  and  in  general    the    jioints*  in 


1  1 1: 

^ 

-r 

~^ 

n 

1 

\- 

~^ 

" 

■" 

■" 

"1 

"■ 

4^Ah 

s 

V 

^ 

^ 

1 

1 

s 

^ 

^ 

1 

0 

[_ 

1 

s. 

H 

^ 

J-  21.3-M  P.H. 

i 

F 

h 

\ 

Sj 

k 

^T~ 

-i-J 

d  . 

--I      '      1 

' 

~^ 

A 

a 

V 

E 

^ 

s; 

< 

,  1 

1 

1      1      1 

i 

'    ' 

- 

! 

— ' — 

t 

ID 

5 

1 

Ui 

u 

z 

- 

1 

^ 

;^ 

■^ 

H^ 

-r- 

^ 

7.25  M.P.H. 

— 

- 

~ 

S™ 

~ 

1 

1 

Z] 

-^ 

, 

r^ 

=^ 

r12-M.p.H."" 

— 

=1 

1 

! 

' 

-T— 

1 

■ 

'; 

1 

1 

1 

[ 

1 

1 

F 

; 

i 

i 

1 

1 

1 

1 

I 

1 

5 

1 

1 

1 

t           i 

' 

! 

< 

. 

; 

1 

TEST    NO.    S-104.1 

Is 

lU 

PC 

z 
< 

; 

' 

i 

1 

' 

1 

^  a  i 

, 

1 

1 

i 

1 

1 

~ 

1 

r 

1 

1 

1 

4 

i 

1 

1 

1 

1 

1 

1 

1 

_4    ' 

8             12            16           20            24           28            32 

Vfi' 

1 

_J 

u 

^ 

I 

Dl 

»■ 

rx 

\N 

JC 

E 

f 

=-F 

to 

M 

5-1 

rA 

•w 

T 

— 

M 

IL 

E 

S 

. 

1 

5.      SHOWING  THE  DECBE.iSEIN  RESIST-tNCE  AS  THE  TRAIN  OF  TEST 
PKOGBESSES— THE  CUHVES  APPLY  TO  FOUR  DIFFERENT  SPEEDS 


1011 


Fig  4  SO  arranged  ihemselves  that  their  resistance  values  con- 
stantly decrease  as  the  distance  increases.  A  few  of  the  jjoints 
ill  Fig.  4  are  numbered.  These  numbers  in  Fig.  3  dentde  the 
corresponding  poinls.  Bearing  in  mind  the  facts  that  all  \(dues 
apply  to  the  same  train  and  to  a])|)roximalely  the  same  sjti'ed.  it 


♦Points  e  and  fin  Pi?.  4  do  not  lie  within  zone  AB;  but,  since  they  correspond  to  speeds 
not  far  from  15  miles  per  hour.  (13.0  and  16.7  m.p.h.  respectively!  they  are  there  plotted  in 
order  to  flU  out  the  exhibit  for  the  first  10  miles. 
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is  apparent  that  neillier  variations  in  car  weiglit  nor  variations 
in  speed  can  account  for  the  regular  decrease  in  resistance  shown 
in  Fig.  4.  This  decrease  must  therefore  be  due  to  the  only  re- 
maining variable  which  exerts  any  important  influence  upon 
resistance,  viz..  journal  temperature.  It  is  therefore  assumed 
that  in  Fig.  4  the  regular  decrease  in  resistance  as  the  train 
progresses  is  due  to  the  fact  that  the  journal  temperatures  are  con- 
stantly increasing  and  that,  oil  viscosity  and  journal  resistance 
are  therefore  diminishing.  This  assumption  underlies  the  fur- 
ther discussion  of  this  and  of  the  following  figures.  The  test 
conditions*  make  it  difTicult  to  directly  measure  the  temperature 
of  the  journals  in  the  train  and  the  results  are  therefore  pre- 
sented in  terms  of  distance  run  by  the  test  train.  The  journal 
temperatures  are  intimately  related  to  this  distance  unless  the 
test  is  run  under  widely  varying  speeds. 
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Pjg.  6.    Showing  THE  Relation  Between  Resistance  AND  Speed  FOR  Test 
1041  AT  5  Miles  and  at  35  Miles  from  the  Beginning  of  tbe  Run 

The  curve  GG  drawn  in  Fig.  4  represents  approximately  the 
rate  at  which  resistance  changes  with  distance  run,  and  it  ap- 
plies to  a  speed  of  about  15  miles  per  hour.  It  is  apparent  from 
this  curve  that  the  resistance  at  the  beginning  of  the  run  is 
about  14  lb.  per  ton  at  this  speed  and  that  it  constantly  decreases 
until  the  train  has  progressed  about  35  miles,  at  which  point  the 

♦The  trains  tested  are  freight  trains  of  the  Illinois  Central  Railroad,  accepted  as  they 
come  in  the  regular  service.  It  has  not  proved  feasible,  thus  far,  to  directly  measure  the 
temperature  of  any  of  the  journals  of  the  cars  composinjf  these  trains. 
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resistance  reaches  its  niinimiim  value  of  about  10.5  lb.  \n'v  ton 
and  the  journal  tcnipcratun'  rcnchcs  its  nuixinuini.  'I'rains  of 
like  character  when  run  at  siniilar  speeds  in  warm  weather  reach 
their  minimum  resistance  within  the  first  eight  or  ten  miles  of 
their  run.  and  their  mininumi  resistance  is  less  than  that 
allained  in  the  train  whose  performance  is  exhibited  in  Fig.  4. 

Fig.  5  also  shows  for  this  same  test  (1041)  the  decrease  in 
resistance  as  the  train  progresses.  The  curve  G  there  shown  is 
reproduced  from  Fig.  4.  and  the  additional  curves  A.  Band  I)  Ibere 
drawn  were  derived  by  a  process  similar  to  (hat  just  explained 
in  the  discussion  of  Fig.  4.  The  curves  A.  B,  G  and  D  denote  the 
approximate  resistance  for  speeds  of  21.3.  17.3,  15  and  12  miles 
per  hour,  respectively.  All  four  curves  show  that  the  minimum 
resistance  is  reached  a!  about  35  miles  from  the  beginning  of 
the  run.  For  widely  diU'ereni  speeds  Ibis  distance  w^ould  be 
ditferent.  Fig.  5  offers  a  means  w'hereby  we  may  determine  the 
relation  between  resistance  and  speed  at  difTerent  points  in  the 
run.  This  relation  is  found  in  the  following  manner.  On  Fig. 
5  the  lines  EE  and  FF  are  drawn,  intersecting  all  four  curves  at 
points  corresponding  respectively  to  5  and  35  miles  from  the 
start.  The  points  at  which  the  line  FF  cuts  curves  A.  B.  G  and 
D  determine  four  resistance  values  which  correspond  respec- 
tively to  speeds  21.3,  17.3.  15  and  12  miles  per  hour.  These  cor- 
responding values  of  resistance  and  speed  constitute  the  co-or- 
dinates of  the  four  points  shown  on  the  curve  H  of  Fig.  6  and 
serve  to  define  this  curve.  The  values  corresponding  to  the 
intersections  of  the  line  EE  with  the  four  curves  of  Fig.  5  serve 
similarly  to  define  the  curve  G  of  Fig.  0.  In  Fig.  0  vertical  dis- 
tances represent  resistance  and  horizontal  distances  represent 
speed,  the  curves  G.  and  H  represent,  therefore,  the  variations  of 
resistance  with  speed  for  test  1041.  and  present  train  resistance 
curves  in  their  usual  form.  The  curve  G  shows  the  resistance 
at  about  5  miles  from  the  beginning  of  the  run.  when  the  jour- 
nals are  still  cold.  The  curve  H  shows  the  resistance  at  35  miles 
from  the  beginning  when  the  journals  have  attained  their  max- 
imum temperature.  Fig.  6  presents  the  same  information  as  is 
embodied  in  Fig.  5;  but  in  a  more  familiar  formi.  It  should  be 
recalled  that  Fig.  6  applies  to  a  test  made  when  the  air  tempera- 
ture varied  from  30°  to  42°  and  when  the  wind  was  light.  The 
train  was  composed  of  cars  weighing,  on  the  average,  17.2  tons. 

In  order  to  compare  the  resistance  shown  by  curves  G  and  H 
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wilh  ihf  resisiaiieo  prevailing  in  ^^'a^m  weaiher.  llie  curve  K  is 
drawn  in  Fig.  (>.  This  curve  is  derived  i'rom  Fig.  1  and  sho^^■s 
ihe  approximate  resistance  in  summer  weaiher  of  a  train  com- 
posed of  cars  weighing  17.2  tons.  Curve  K  is  tlierefore  compar- 
ajjle  with  either  G  or  H.  Curve  H  represents  resistances  \^hich 
are  approximately  25  to  30  per  cent  greater  than  those  repre- 
sented by  curve  K  and  we  may  conclude  thai  for  the  train  of  tes( 
101 1  even  the  minimum  resistance  attained  after  the  train  had 
run  35  miles  is  about  25  per  cent  greater  than  ihe  resistance  of  n 
similar  train  in  \^arm  weather.  \N'hether  the  change  from  sum- 
mer temperatures  to  a  temperature  of  30°  will  always  result  in 
an  increase  of  25  per  cent  in  the  resistance  does  not  appear,  and 
the  data  in  hand  do  nol  as  yet  warrant  generalizations  of  this 
sort.  Attention  is  again  called  to  the  fact  that  the  term  resistance 
as  here  used  means  resistance  on  level  track,  and  consequently  n 
difference  of  25  per  cent  in  resistance  does  not  necessarily  re- 
quire a  difference  of  25  per  cent  in  tonnage  rating.  This  state- 
ment is  developed  beyond. 

Fig.  3  to  0  constitute  wiiat  is  perhaps  unneeded  evidence  of 
the  effect  of  low  air  temperature  upon  train  resistance  and  upon 
tonnage  rating.  They  show  a  way  in  which  quantitative  expres- 
sion may  be  given  to  this  effect.  These  four  figures  also  servi- 
to  show  the  methods  employed  in  the  study  of  this  problem 
which  is  now  in  progress  at  the  University  of  Illinois,  \A'hen 
this  work  has  progressed  far  enough  to  cover  all  ordinary 
ranges  of  air  temperature  and  all  ordinary  car  weights,  it  may 
result  in  information  which  will  enable  tonnage  reductions  to 
be  determined  more  systematically  than  seems  now  to  be  pos- 
sible. It  may  be  of  interest  to  present  a  few  additional  diagrams 
touching  one  or  two  other  phases  of  the  subject. 

Fig.  7  and  8  are  similar  to  Fig.  3  and  4  and  they  lead  to 
similar  conclusions.  Fig.  7  and  8  apply  to  test  1045  during 
which  the  air  temperature  varied  from  22°  to  26°,  and  for  which 
the  train  was  composed  of  cars  averaging  49.2  tons  in  w^eight. 
In  Fig.  7  the  resistance  values  are  plotted  with  respect  to  speed 
and  the  same  dilliculty  of  discovering  any  relation  between  re- 
sistance and  speed  presents  itself  as  was  presented  in  Fig.  3. 
When,  however,  these  resistance  values  are  plotted  with  respect 
to  distance  from  the  jjeginning  of  the  run,  as  they  are  in 
Fig.  8,  they  arrange  themselves  in  a  more  orderly  wixy. 
Ail  the  |)()\nts  of  Fig.  7  are   plotted   in   Fig.  8.    Points  8.  9  and 
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Fig.  7.    Showing  tub  Relation  Between  Resistance  and  Speed  for  Test 
1045— AIR  Temperature  Varied  from  !2°  at  the  Beginning 

to  26"  AT  THE  End  of  the  Test 
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Fig.  8.    Showing  the  Decrease  in  Hesistance  as  the  Train  of  Test  1045 
Progresses,  and  the  Influence  of  Stops  upon  Resistance 
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17.  which  in  Fig.  7  correspond  to  the  highest  values  of 
resistance,  fall  in  Fig.  8  either  at  the  beginning  of  the  run 
or  immediately  beyond  the  stop  at  A;  whereas  points  1  and  2, 
which  have  the  lowest  resistance  values  fall  at  the  end  of  the 
run.  In  Fig.  8  the  speed  during  the  run  is  indicated  by  the  line 
in  the  upper  part  of  the  diagram.  It  will  be  noticed  that  the 
train  was  brought  up  to  a  speed  of  about  20  miles  per  hour  with- 
in the  first  three  miles  of  the  run  and  that  the  speed  was  there- 
after maintained  at  approximately  20  miles,  except  in  the  im- 
mediate neighborhood  of  the  two  stops  which  are  indicated  at 
A  and  B.  The  speed  for  all  but  four  of  the  points  for  which  re- 
sistance is  calculated  lies  between  18  and  21  miles  per  hour,  and 
the  speeds  for  these  four  points  lie  close  to  this  range.  Since  the 
speed  is  so  nearly  uniform  for  all  these  points,  its  influence  in 
modifying  resistance  is  practically  eliminated,  and  such  changes 
in  resistance  as  are  indicated  on  the  diagram  are  chiefly  due  to 
changes  in  journal  temperature.  At  point  A  about  14  miles  from 
the  start  the  train  was  slopped  for  one  hour  and  fifteen  min- 
utes, the  air  temperature  at  that  time  being  23°.  Again  at  B,  12 
miles  farther  along,  a  stop  of  two  minutes'  duration  was  made. 
It  is  interesting  to  note  the  elTect  of  these  stops  upon  the  resist- 
ance. The  resistance  in  the  beginning  is  in  the  neighborhood  of 
seven  pounds  per  ton.  It  steadily  decreases  as  the  train  prog- 
resses, until  at  the  point  A,  where  the  train  was  first  detained, 
it  had  fallen  to  about  four  or  four  and  one-half  pounds.  Upon 
leaving  A  the  train's  speed  was  immediately  raised  to  its  general 
value  of  20  miles  per  hour  and  the  resistance  is  found  to  have 
risen  again  to  about  the  same  value  which  it  had  at  the  original 
starting  point.  From  there  on,  the  resistance  again  decreases 
steadily  until  the  point  B  is  reached,  after  which  there  is  a  slight 
increase  in  resistance  due,  probably,  not  so  much  to  the  two- 
minute  stop  as  to  the  cooling  of  the  journals  during  the  consid- 
erably longer  period  in  which  the  speed  at  this  point  was  low, 
while  the  train  was  approaching  and  leaving  B.  The  diagram 
serves  well  to  show  how  important  the  effect  of  such  a  stop  as 
that  at  A  may  be.  If  the  ruling  grade  in  this  case  had  occurred 
just  beyond  A.  it  is  entirely  likely  that  the  increased  train  resist- 
ance would  have  stalled  the  train  at  that  point.  There  is  no  evi- 
dence in  this  diagram  that  the  minimum  resistance  of  this  train 
at  this  speed  is  reached  during  the  test.  Indeed,  if  the  resistance 
curves  there  drawn  are  accepted  as  correct,   it  seems  clear  that 
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the  slops  have  delayed  Ihe  eslablishnienl  of  lliis  minimum  re- 
sistance beyond  Ihe  lesl  limils.  Cmuparisoii  wilh  resislance  in 
warm  weather  is  llierefore  uiiwarranli'd. 

During  lest  1084,  the  results  of  which  are  presented  in  Fig.  9, 
the  air  temperature  varied  from  1°  below  zero  at  the  beginning 
to  5°  above  zer(»  at  the  end  of  Ihe  test.  These  temperatures  are 
lower  than  any  others  prevailing  during  the  tests  here  discussed, 
and  Fig.  9  is  introduced  primarily  (»n  that  account.  It  exhibits 
the  same  facts  as  may  be  derived  from  Fig.  4  and  8  and  needs 
but  little  additional  comment.  The  speed  during  this  test  was  in- 
creased from  8  miles  per  hour  near  the  start  to  20  miles  per  hour 
al  Ihe  point  A.  beyond  which  it  was  maintained  almost  uniform 
at  20  miles  per  hour.  The  resistance  values  derived  for  the  first 
10  miles  of  the  run  are  not  numerous  enough  to  offer  much  in- 
formation. Between  A  and  B,  however,  the  points  are  more 
numerous  and  indicate  clearly  the  usual  decrease  in  resistance 
as  the  train  progresses.  The  resistance,  which  at  A  is  20  pounds 
per  ton.  has  decreased  at  B — 24  miles  from  the  start — to  about 
16  pounds  per  ton,  and  probably  it  would  have  continued  to  de- 
crease had  the  test  been  continued  beyond  this  point.  The  nor- 
mal resistance  in  summer  weather  for  a  train  of  this  car  weight 
(16.5  tons),  as  derived  from  Fig.  1,  is  9.5  pounds  per  ton.  The 
train  of  this  test  has.  therefore,  a  resistance  08  per  cent  in  excess 
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of  Ihe  normal,  even  after  running  24  miles.  Part  of  this  excess 
is  doubtless  due  to  the  fact  that  a  strong  wind  prevailed  during 
the  test :  most  of  it.  however,  is  probably  due  to  low  temperature. 
Fig.  10  and  11  apply  to  test  1080.  during  wliich  there  were 
very  light  winds  and  the  air  temperature  varied  between  28°  and 
30°.  The  test  train  was  composed  of  cars  whose  weights  aver- 
aged 59.5  tons.  Fig.  lu  shows  the  resistance  values  plotted  with 
respect  to  speed,  and  it  differs  from  similar  preceding  diagrams 
only  in  that  the  speeds  vary  throughout  a  greater  range.  This 
figure  will  be  used,  as  have  the  others,  to  show  the  influence  of 
journal  temperature:  but  before  doing  so  it  maybe  of  interest  to 
show  how  plausibly  this  exhibit  might  be  so  construed  as  to  lead 
to  wrong  conclusions. 
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Fig  .  10.    Showing  Resistance  and  Speed  for  Test  10«C— Air  Tempebatche 
Varied  fkom  28°  to  30° 

The  diagram  exhibits  considerable  variations  in  the  resist- 
ance values,  even  at  like  speeds.  Let  it  be  assumed,  however, 
that  speed  is  the  only  important  influence  at  work  in  causing 
this  variation.  Presupposing  that  no  record  of  wind  velocity  is 
available  it  might  seem  justifiable  to  ascribe  much  of  this  varia- 
tion to  the  variations  in  wind  resistance,  and  also  to  occasional 
changes  in  such  elements  of  resistance  as  flange  friction.  Mak- 
ing such  allowances,  the  discordance  among  points  in  the  dia- 
gram might  ap]K'ar  no  greater  than  should  be  expected.  Such  con- 
siderations might  easily  lead  to  the  belief  that  ihe  diagram  does 
actually  represent  Ihe  true  relation  between  average  train  resist- 
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aiice  and  speed,  and  ii  would  therefore  appear  jiislifjable  lo  n-p- 
resenl  Ihis  relalioii  by  a  line  drawn  among-  Ihe  points  of  Fig. 
10.  An  attempt  to  thus  express  Ihe  assumed  relation  would 
probably  result  in  a  horizontal  straight  lino  lying  at  a  height 
eorrespondiug  to  about  4.5  pounds  i)er  ton.  Such  a  process 
would  conseiiuently  lead  to  the  conclusion  that  for  this  train  the 
resistance  is  the  same  for  all  speeds  up  to  about  4()  miles  per 
hour:  that  is.  thai  train  resistance  is  independent  of  speed.  II  is 
obvious,  however,  from  what  has  preceded,  that  in  causing  the 
variations  in  resistance  shown  in  Fig.  10.  the  journal  tempera- 
ture i)lays  at  least  as  im[)ortant  a  \n\v\  as  the  speed.  Fig.  11  will 
make  it  clear  that  there  is  no  warrant  for  the  above  conclusion 
in  this  case. 
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Fig.  11. 


Showing  the  Variation  of  Resistance  with  Distance  and  with 
Speed  fob  Test  1086 


Fig.  11  comprises  the  points  which  in  Fig.  li)  lie  between  the 
lines  A  and  B.  corresponding  to  speed  limits  of  1::?.5  and  ::^6  miles 
j)er  hour.  B  is  chosen  at  this  point  merely  to  reduce  the  length 
of  Fig.  11.  The  resistance  value  for  each  point  lying  within  this 
zone  is  plotted  in  Fig.  11  with  respect  to  the  distance  of  this  point 
from  the  start.  The  upper  line  in  Fig.  11  again  represents  the 
speed,  which  was  ipiite  uniform  and  near  20  miles  per  hour  for 
the  first  12  miles  of  the  run — up  to  the  point  C.  Beyond  G  the 
speed  varied  considerably.  As  in  the  tests  previously  discussed, 
the  resistance  decreases  with  great  regularity  during  Ihe  first  12 
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miles,  uiilil  at  G  the  journals  have  apparently  attained  their 
maximum  temperature  for  a  speed  of  20  miles  per  hour,  and  the 
resistance  has  reached  its  minimum  value  for  this  speed.  Be- 
yond G.  therefore,  the  influence  of  journal  temperature  upon  re- 
sistance largely  disappears  and  the  resistance  thereafter  responds, 
in  its  variation,  quite  definitely  to  changes  in  speed. 
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Showing  the  Inti.mate  Relation  of  Resistance  and  Speed 
after  the  journals  have  become  warm 


Reference  was  made  above  to  the  d'jfinite  response 
made  by  resistance  to  changes  in  speed,  after  the  journals  have 
become  thoroughly  warmed  up.  Fig.  12  is  introduced  to  further 
illustrate  this.  It  applies  to  test  1031.  which  was  made  in  warm 
weather  and  which  was  selected  on  this  account.  During  test 
1031  the  air  temperature  varied  between  70°  at  the  start  and  82° 
at  the  ond  of  the  test.  Within  the  first  eleven  miles  the  journals 
had  assumed  their  maximum  temperature  and  the  record  is  pre- 
sented only  for  that  portion  of  the  run  lying  beyond  this  point. 
As  before,  the  upper  line  in  Fig.  12  represents  speed  and  the  lower 
line  represents  resistance.  The  diagram  reveals  the  intimate 
relation  which  exists  between  resistance  and  speed  when  the 
journals  are  warm.  Every  change  in  speed  is  closely  followed 
by  a  corresponding  change  in  resistance. 
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III.    The  Effect  of  (jhade  on  Tonnage  Reductions 

It  was  slated  above  that  an  increase  in  net  train  resistance, 
of  say  30  per  cent,  duo  to  low  touij)erature,  does  not  necessarily 
require  a  like  reduction  in  train  tonnage.  This  is  due  to  the 
facts  that  net  train  resistance,  which  here  denotes  merely  the 
resistance  on  level  track,  is  not  the  only  rosistance  which  absorbs 
the  tractive  effort,  and  that  the  other  resistances  are  unaffected 
by  temperature. 

The  process  of  rating  locomotives  consists  essentially  in 
specifying  a  (rain  whose  gross  resistance  shall  equal  the  avail- 
able tractive  effort.  Since  ratings  are  made  to  meet  the  condi- 
tions which  exist  <*il  the  ruling  grades,  this  gross  resistance  must 
always  consist  of  net  resistance,  as  above  defined,  and  of  grade 
resistance.*  Of  these  two  elements  the  grade  resistance  is 
almost  always  the  greater.  Obviously  neither  air  temperature 
nor  any  other  external  condition  can  affect  the  grade  resistance, 
which  is  modified  only  by  difference  in  grade.  Since  the  larger 
element  of  gross  resistance  remains  unaffected,  the  reductions 
in  rating  in  cold  weather  need  not  be  as  great  as  the  variations 
which  cold  weather  causes  in  the  smaller  element  of  gross  re- 
sistance; that  is.  in  the  net  train  resistance.  Neither  are  these 
tonnage  reductions  the  same  for  differtMit  grades.  An  example 
may  serve  to  make  this  clearer. 

Let  us  assume  that  it  be  required  to  find  the  summer  and 
winter  ratings  for  a  certain  class  of  locomotives  on  two  divisions 
of  a  road,  which  we  here  designate  as  division  A  and  division  B. 
The  ruling  grade  on  A  is  one-half  percent,  and  that  on  B  is  one 
per  cent.  The  resistance  due  to  grade  alone  is  20  pounds  per  ton 
of  train  weight  for  each  per  cent  of  grade,  and  the  grade  resist- 
ance on  division  A  is  therefore  10  pounds  per  ton  w^iile  on  divi- 
sion B  it  is  20  pounds  per  ton.  Now  assume  also  that  the  net  train 
resistance  for  the  desired  speed  is  4.5  pounds  per  ton  in  summer 
and  that  in  winter  it  is  33%  por  cent  ereater.  namely.  6.0  pounds 
per  ton  We  assume  further  that  in  summer  the  available  tractive 
effort  on  grade  A  for  the  class  of  engines  under  consideration  is 
32,000  lb.  and  on  grade  B  30.500  lb.  If  the  effect  of  cold  weather 
upon  the  engine  itself  be  assumed  such  as  to  cause  a  reduction  of 


♦Acceleration  and  curve  resistance  may  also  be  components  of  this  gross  resistance. 
They  are.  however,  ignored  here,  since  their  consideration  is  not  necessary  to  the  argument, 
although  their  presence  may  modify  its  conclusion. 
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five  percent  in  tractive  elforl,\ve  find  the  available  Iractive  effort 
in  winter  to  be  30.400  lb.  on  division  A  and  28.970  lb.  on  division  B. 
We  have  now  available  enough  information  to  calculate  the  ton- 
nage ratings.  On  division  A.  for  example,  the  gross  resistance 
in  summer  is  10+4.5=14.5  lb.  per  ton,  the  tractive  effort  is  32,000 
lb.  and  Ihe  tonnage  is  consequently  32.000-^14.5=2,207  tons.  The 
winter  tonnage  on  division  A  is  30,400-^  (10+6.0)  =1.900  tons. 
The  proper  winter  tonnage  on  division  A  is  found  therefore  to  be 
(2207 — 1, 900) -^ 2207  =14  per  cent  less  than  (he  summer  tonnage. 
Similarly  for  division  B  the  tonnage  reduction  for  winter  weather 
is  found  to  be  10  percent.  The  results  of  these  calculations  are 
summarized  in  the  following  table: 

Division  A  Division    B 

Ruling  Grade — percent V-  1 

Tractive  Effort  in  Summer,        pounds  32,000  30,500 

Tractive  Effort  in  Winter,         pounds 30,  iOO  28.970 

Grade  Resistance,  pounds  per  ton 10  20 

Net  Resistance  in  Summe'%  "         "       "  4.5  4.5 

Net  Resistance  in  Winter,  "         "       "  6.0  6.0 

Gross  Resistance  in  Summer,  "'         "       "  14.5  24.5 

Gross  Resistance  in  \Mnter,  "         "       "  —  .  16.0  26.0 

Tonnage  in  Summer,  tons 2,207  1,245 

Tonnage  in  Winter,  "  1,900  1,115 

Tonnage  Reduction,  per  cent 14  10 

It  is  apparent  from  these  calculations  that  an  increase  in  net 
resistance  of  33%  pei'  cent  necessitates  a  reduction  in  rating  on 
division  A  of  only  14  per  cent  and  on  division  B  this  reduction 
need  be  only  10  per  cent.  Not  only  are  the  tonnage  reductions  in 
both  cases  considerably  less  than  the  difference  in  net  resistance, 
but  the  reductions  are  different  on  the  different  grades.  The 
greater  grade  requires  the  smaller  tonnage  reduction.  If  the 
ruling  grades  on  a  particular  road  do  not  differ  greally  on  the 
different  divisions,  it  would  be  an  unnecessary  refinement  of 
practice  to  discriminate  between  divisions  in  establishing  ton- 
nage reductions  for  winter  weather.  If,  on  the  other  hand,  a 
road  runs  in  both  level  and  mountainous  country,  it  is  not  only 
logical  but  economical  to  make  such  disiinclions.  The  infor- 
mation at  hand  concerning  current  practice  indicates  that  these 
facts  have  received  little  consideration,  or  at  any  rate,  no  ap- 
plication in  the  establishment  of  certain  existing  tonnage  rating 
systems.  On  olher  roads,  however,  the  facts  are  duly  recognized 
and  embodied  in  their  rating  practice. 

There  are  a  few  roads  operating  almost  exclusively  in 
mounlain  territory  which  find  it  unnecessary  to  make  reductions 
in  rating   for  low  temperatures.    The  ruling   grades   on  these 
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roads  are,  of  course,  heavy.  The  foregoing  example  illustrates 
how  the  elTect  of  heavy  grades  may  disguise  and  almost  nullify 
great  variations  in  net  resistance,  and  it  otTers,  therefore,  some 
justification  for  the  practice  which  ignores  distinctions  between 
summer  and  winter  ratings  in  such  territory. 

These  facts  serve  also  to  show  the  necessity  for  care  in 
adopting  on  one  road  the  practice  which  has  proved  satisfactory 
(Ml  another.  Unless  the  ruling  grades  are  nearly  alike,  the  sys- 
tem of  tonnage  reductions  which  has  proved  itself  satisfactory 
on  one  road  ought  not  lobe  transplanted  to  another  without 
due  consideration  of  these  facts,  even  though  the  weather  con- 
ditions are  identical. 

IV.    A  Summary  op  Current  Practice 

In  connection  with  this  investigation,  a  considerable  amount 
of  information  has  been  collected  from  the  railroads  of  the  coun- 
try concerning  their  tonnage  rating  practice.  The  attempt  has 
been  made  to  summarize  this  information  and  present  it  in  the 
table  which  is  here  included,  in  the  expectation  that  it  would  be 
useful  to  have  such  information  assembled  in  somewhat  com- 
pact form.  It  is  believed  that  the  table  fairly  represents,  in 
most  cases,  the  practice  of  the  various  roads  as  stated  by  their 
own  ofTicers.  It  has.  however,  been  difTicult  occasionally  to 
force  into  the  form  and  limits  of  the  table  all  the  information 
available,  and  in  a  few  cases  the  tabular  statement  scarcely  re- 
presents all  the  facts.  It  is  dillioult,  for  example,  to  present  in 
tabular  form  the  limitations  placed  by  some  roads  upon  the  ap- 
plication of  their  general  practice.  It  is  hardly  possible  to  in- 
dicate in  the  table  the  degree  of  authority  given  on  these  roads 
to  trainmasters  and  dispatchers,  under  which  they  may  vary 
from  the  usual  practice. 

The  roads  are  arranged  in  the  table  in  thp  order  of  the  air 
temperature  limits  which  determine  the  normal  rating  and  which 
appear  in  the  first  column.  This  arrangement  was  adopted  be- 
cause it  makes  easier  the  direct  comparison  of  figures  appearing 
in  the  later  columns.  At  the  same  time,  it  brings  together  roads 
which  operate  in  very  different  territory  and  under  very  different 
weather  conditions  and  these  facts  should  be  borne  in  mind  in 
making  comparisons.  Examination  of  the  table  makes  it  evi- 
dent at  once  that  there  is  great  diversity  of  practice.  Not  only 
are  different  tonnage  reductions  made  for  similar  temperatures, 
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but  the  range  in  (eiiiperature  which  is  considered  to  warrant 
tonnage  reduction  varies  from  a  few  degrees  to  30  or  40  degrees. 
Some  roads  have  only  one  rating  schedule  in  addition  to  their 
normal  schedule;  others  operating  under  weather  conditions  not 
radically  different  have  as  many  as  ten  additional  schedules. 
Most  of  the  dilTerences  in  practice  are,  however,  not  surprising 
when  it  is  considered  that  the  roads  included,  represent  practi- 
cally the  entire  United  States  and  Canada  and  represent,  there- 
fore, the  greatest  variety  in  weather  conditions  and  topography. 
Most  of  the  differences  in  practice  disclosed  by  the  table  are  quite 
sufTiciently  explained  by  the  differences  in  the  weather  condi- 
tions prevailing  in  the  territory  served. 
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Bulletin  No.  58.  A  New  Analysis  of  the  Cylinder  Performance  of  Reciprocating 
Engines,  by  J.  Paul  Clayton.     1912.     Sixty  cents 

Bulletin  No.  59.  The  Effects  of  Cold  Weather  upon  Train  Resistance  and  Tonnage 
Rating,  by  Edward  C.  Schmidt  and  F.  W.  Marquis.    1912.     Tiventy  cents. 


UNIVERSITY  OF  IIJLIISrOIS 

THE  STATE  UNIVERSITY 


THE  UNIVKRSITY  INCLUDES    THE 
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